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1 'Area of heat transfer surface, s<i«ft*
a 0©©ffi©ient ©f volumetric expansion (for perfect gas « «L )
' r
b Perimeter* ft®
Op Specif is heat at constant pressure, B«ThFJ/lh&0p
X> Di&s&ter, ft*
Da Bspiv&Leat diameter a I*. &  ft*
b o
: F Frictional $&e® per unit area of surface* lb ic g/ft^;'>,.lb/ft
f Friction factor* dimensionlesa*
G Mass velocity* lb/hr* S€j['3 ft®
g Local acceleration d m  to- gravity, approsdmtgly 52o'£* ft/see
or 4*17 x 10^ ft/hr?*-.
h . Surface convective conductance coefficient of heat transfer
B*Xh.*tf/ft2 hr.®?.
hm ’ Average vain© of h*
Ii _ Maxinsam value of hmax®
^,hp*.*hg Local value of h«
K Thermal conductivity, B*Xh®IJ/ft9lir®0F
L Length, ft*
Lt|i Thermal 'length i®e* the. heated length®
“Hot length measured from, the end of the honeycomb*'
m Mass* lb*
Gout :<*>
P Pressure. lb/sq..ft* ^
Q • Quantity of heat. B.Th.11*
ci Convective conductance heat transfer rate, B«3!h«U/hr«
Radiation. heat transfer rats® B.Th.U./br.
(R.H.) Relative- humidity®
P
S Cross-section. ft
T Tenperature. &©g» F.(Absolute)
t 'Temperature, dag* F® 5
t for room temperature .or inlet of the hulk of the air
a stream temperature*
o
Greek
for outlet of the bulk ©f the air stream teisper&tus
t for average temperature of the hulk of the air stream
m temperature ■ = (t * t^) / 2
t for average tesperature of the hot surface*
for film temperature » _{t t w^ ) / 2 
for average temperature of tunnel walls*
V
V Average velocity of the air stream. ft/seo.
v Speoiflo volume ( ) * ou*ft»/lb*
x Distance along x»axis,' ft®
0 Temperature difference °P
/A Absolute viscosity, lb/ft* hr.-
“I • Kinematic viscosity* ft^/hr*
Density lh/ou*ft.
Time* in hours unless otherwise stated®
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I l l H O D U O T I O M
Although great strides have been made, in the correlation of forced 
oonveotian heat transfer data, in recent years* the state ©f knowledge h m  
not been entirely satisfactory because of the great number of different 
equations and plots necessary to be taken -into account in respect ©f the' 
various types of apparatus,- flow conditions encountered, and fluid used, 
and. also because th© ©ften«€^ationed possible relationship with fluid . 
friction has not been conclusively demonstrated or its limits clearly 
defined* It is the purpose of .this, research to simplify the field of 
'forced convection between a pi ana surface and a flow of air parallel to 
it, by.introducing a general method of correlating lia&t transfer data 
which can be used for th© entire range of turbulent flow*
Theoretical work and experiments carried out for forced ©©nveetion 
between a plane surface and a flow of. air parallel to it by different 
investigators led to values that deviate from each other* The following 
ar© abstracts from the most isport&nt references in heat transfer dealing 
with that -point*
Fishendea and 3aund@r& (5), mentioned a number of experiments' 
measuring the heat .transferred to a stream of air moving over a hot? plane 
surface showing a eossjparisoa of coefficient of heat transfer obtained -by 
different workers varying one from another*. They also remark upbss. the 
great. • difference obtained by ootjgmrlsson of calculating values with;' 
e^erimental values, e©g* th© values calculated by Lai®k© being: abch 
30. per coat* below experimental values obtained by Jurges©
Xt&tdB'lghsnden and Saua&sr© (6)*-fas^ Qfiy dismissed forced 
m m m t i m .  fcs&t tmeite for flow ©imr a pXam eixrfaosw fhsy showod 
that eaqpsriaanta oareisd out by fclssb aad B^r (11),' for- heat' transfer - 
from a oyXindrioaX surfaa© to air in paraXX@X tlmP .&gTm well i»..$h© 
turbulent region, wliioh in this ©&$© corresponds- to above 2 as 10'v 
with th©-f©2«Xa@ given by OoXXtam (5)« Jcpart from that,' thoj Imm 
not discuss©# th© ©^sorimontaX or thaorotio&X attests carried put fey 
©th$r investigators® .
BX@g@l ©ad iawlsiiis (83) carried out ©sqparimsnts for boat tr©jasf#r 
from a vortical plat© to an air stream® *gh® result values fmm th© fc@st© 
war© approximately 13 per oont* higher than thoss '©btaimd by Jurg©©.*
'J&S&ob, in the m m  p&por for th© dissuasion of Ifaw&tes*'. ^results, 
'stated “ .-^ simpX© m  it may mm. to be, th© detosraXnaticm of th© ©©efficient 
of beat transfer between a plat© and a gas stream by different £&v©&ti» 
gators has led to values that.deviate considerably from ©ash other® She 
present -esqperioiaats led to M,gk®g.r®lum than" observed by any previous . 
workers*** its a ©onoXusios*. of his dissuasion*, h© addm «=» is pr®??.©nfc§d.
as a hypothesis which would h&v© to fe@ ©hooted by ©s r^dsssEits, ©ins© no 
quantitative data are available for oliamieX© m  wid© as th© oh© used la 
tli© present tests*- ( ISiia® x ISin* .cross aoctioa )* Xn general, .a 
comparison between .th© heat transfer in..unrestricted and malX«boQndo& flow 
seems- to be worth while ©wing to th® fast that Btarfclna* wgpaodmBnts in a 
©hm®©X led to higher values of boat transfer coefficient than those 
obtained -in free flm m$mlmn%U4 •
- Heat ©r by 0®m*@©tioh : ' ' '
In gases and llq&ida* h©at is transferred fey ooimotieiu In this, 
prooosv, new particles of th© Xigaid or gas are oontiiraaXXj aiming isto 
'eoBtaat with the hs&t transfer tnarfae©., where they disoh$rg© or t@Jsa up 
heat* Sins® the Iae&t is. o©ir#®jad aoohanioaXXy, it is cifryioua. that th®
t
heat transfer fey ©onwotioa. will fe© inoreased fey inotfoased ispfciop, ©f 
th© liquid ©r ga% hmmm® moh m tim  brings mm partioles in ©ont&ot 
with' th# li@at=tmi®f©r starfas© In a .giyon tins i&tort&X* ' When th® 
saoiiosi ©f th© fluid ie smiataiixed isealianioaXXy^  m is. th© ©as®, in th© 
present work* it is referred t© m 'fforaed cosxwotion* •* la all o&eos 
©f h@at transfer fey coiroeotion thor# is an. ©©©©spinning transfer' fey 
©ondnstion, $©gt liquids and nearly . all gas#©* fccnero?, oon&j0t-.fcoat 
so-poorly that th© heat go tean^#rr©& .is, in general.* hsgXigifeX# ©osa« 
pared with .that transferred fey.ecweotioas
flio real nss& for stash a ©as© is wf©r©@& oosrootfrre oojsduotsBoo heat 
traMfsrtt# feut the author9 following the praotioe of most of th©-workers' 
in this field*. ii^Xi©© fey_ ^ forood oosrrostioii heat transfer**,' th® aotual 
term wforoed convsotiw eon&xiotaiiae heat ftransf©rTV
.smagmoifc aflmaBCft-
3ftran&tl, hags shown (Lats&o (14) that .in th© eas© ©f ®n"iixfinit©Xy
, f ie ld  end tes^oraturd fi@ ld agree, i f  the heat from tla© iBte-nml fr io tio n  
i s  'neglected* . ‘ ' ' ’ .-
I f  u denot®© the veXooitj vector and. F th© pressure, ih o n ,, fo r  th® 
tiss® eking©' o f th® veotop o f an in exp ress ib le  f lu id  s f^©3?r©& to
a unit volume, th© resuXt, negLecting gravity effects, is s~.
thin pl&te, .^liehls BOTad parallel’ to i t s e lf  'through a •f3,uid3_tM  ^veXooity
—  Jrdo/. P  -f. yU h u  .
J L  :
dt
r ‘ 1 - 1
On th© other hand, th® Kirobh&ff differential equation'. for. :th<§- 
teperature field'i© j°
O e .  _  a e 8 - 2
For th® platep I? is a aomtmtg where it is infinitely thisa^.-.Jos*,:
s^haw® th® plat® thioksi@is is finite, th® average value of. 3? over, ^ certain 
region is still a constant | grad*- I? is, therefore,- eqpal to 0  .and it ©an 
h@ umn that th® two orations t - I and 2 - 1  agree in fom» m e n  «B~- J 
tee solution of Sqs 1 - X will also b® a solution of lq ,e 2 - ju
Xf w ®  is made of this eois&ifeion whom the. solution for tIm mloolbf 
field (as g i w n  hj Von ftoasaa) is aso©pfe@&, their results. ar@ t~
@orr@sp@adiagly ;«=>
The aoiii.iti m  for themal ec|iiXibrii
if * 3 “ x
fteautt of th® hoiwdaxy
Im  Equation 3*\L soil** % and
msmb ©f .heat leaving .a plat® strip of 
- o f  ° ' 0 3 5 6  C 0 d 9
$h@r® th® sjms©3,e - v';" " “ •■■
li « valoeity at th® © M  ©f th® htmiQ&ry layer4
•M »_.v©Xooity i& th© direction ©f the flm t
Y  ss'diatanpa from th® mil*
Z  « coordinate in th® direction of-flow* .
©  « thiokaaaa of th® XaiidBar layer*
; f? » pr®ssur©«
w M t l r l s  then,
l?h® d i r e o t io n
1 *  / / /  ® Idjses&tia viscosity*
C  » specific heat* .
©cnsfcaht mil tcn^eratune.
- efe ss average 'tes^ratiar© of crosses©©fcton at position 
6^ s 0 w -  average to^eratur© at th® initial er©sb«se©ti©n*
ls©tli®:r attaint w m  ts®&® by Wicces to oalcuLat© values' of heat 
transfer coefficient (h). from frictional resistance. ■=' 
iccording. to M m  ■"' • •.
‘ B.iEM T.
b « 0*81' ¥ (ft ){lir)(%) •••«*' . *.**; 6 - 1
For' the boundary layer'foroccL omw a -piano • Siebsrb (t§)
used the amtheimticaX e<pati©ne previously derived by various ijpm&t&g^ter& 
and then evolved th©-following theoretical * oration for heat dissipation of 
.flat plates for turbnlent boundary layer s~
7*
B im n s te m l  f tn a ly s is ■
Calculations of heat transfer by convection are complicated by th© 
large nusher ©f different variables involved® Fortunately*’ in ©®$t 
applications* • those variable® grouped together-' into relatively
few ^ dimension!©®® grcmps” or ttdiss@nst©nX©sa racers"* thus appreciably 
redwing, th® nusber of effective variables to be dealt with e*pevixmt£Lly' 
Sawders (6) considered the • general problem' of ©onvection* - including 
both forced and mfc-iiral* and assumed that th® heat transfer,'M per mo.it 
tim© Upended on the quantities m t  out in the table below* which also 
give® their dimensions- in particular variables and. fundasmtal wits®
• . ©iiB&jasicm in  tern® of
Quantity I » x length® 
€  ■ J
Ham®
m
fte e *
f
i'Q p,
t i p
' Heat®
Forced ve loc ity  o f  f lu id | - V 1 0 ' r. -It dp-p 0
Linear scale o r else I ' t t  • 0 0 : 0 , ' 0
Teisp, difference between 
surface'and flu id & . -0' '. 0 -0 : -1 '' 0  '
derm al © oM uotivity o f flu id IV ■ ' -=4 0 - t ' . *4 I 1: -
Sensity o f flu id . f ■1 - -0 ■ ■ -0--S 0
Viscosity o f flu id . ■ x ■ A -is 1 - t . ovs 0
Specific heat of f lu id  a t 
constant pressing
/
r«-o. 0 0 1
©cef® .of thermal expansion X  
acceleration d m  to g rav ity ag, - 1 0 -a : ^  -v 0
(Saunders page
11 t io aa l 1
wner© s | to ^ g are urilown  
fundeii^ ntaX unit® of X©ng$h*
ad  ©^pating dimensions in a rm s  of 
ij, b@%@rature and heat respectively
-Solving ia.teszas of X
chogoa. so
Ca (th®s©a salar tte##. boipg 
feo obtain groups. ©&ok e©|itaiiiiEg obs only of th© v m i a b l m  
$ using each- ©ego&tion ia tom* starting from the last*
a4
 ^ a* tf l
[■FWAiWl,la
T
• <KV!m I *s^£s I
H is proportional to
,9 - 2
problem ©i oonmeotian* therefor© *• th© boat transfer If is gi^ Raa by
a r@lat3.0n between th© a©p©B£l@iit variable disjensief&esb group
t a m  as the goaselt ontoor; !f«„ and the -thr@@ independent mrisKl#. ' "
dls^nsionXeg® groups •
fl|P»a48 m b e r ,  He-j C/J/^the Ernsatl anafe®*-, Rs- } 
aaSXHT, Or. She mthoaatioal fomt of fell® 
feion and tha auaarioal opasfeanfeo Sepaad oa the ahapas of the eurfaesa 
<-lie cottwotiEg fluid, and oannol; he found hy dimensional analysis,
but Misfe fe© ©bfcaiE©d either o^exdmsntally or fey a collet© 
analysis of th@.TQlooity^ teifgrato^ ©fco», of th® fluid ^ ■‘sufeioh is 
rarely possible*
With trm foroed oonroeotiaa* the effects of buoyancy feeing 
the variable ®g ipy fe© ifpaored* sins®, gravity no longer .affect© the
■'i ' '
profel®m*' -B ittin g  ^  » @ # ir th©'general .analysis$ th® cir&slief is
elim inated* thus Su d e p ris  upon B® P r only* and $$» 9 3* teo o »0  -
la omos tabor© air is used; as- in th@s@ eaqperiuonts* 
C i / K  a oonstant a 6*72 ««•«• ( s®s pas®e ge 5 3  )
Heno© h j
K
therefore * *»
ffes- -Tsl-y.es of th© oonstants Q and , eoQor&ing to different 
assumed tei^er&iures* w@r© found ©Kperimtatally fey th© writer (C%apte?r W£)
B?cr4.©tas work carried m t by other
l*rmk (7)s eaqperisantod with: a. pair ©f tbi% vsvtloca;'Mgcly- 
poiigbed al^msiinm-plates^ ®mh 2*3f fe by (OJ sa, W Q :*7
and mounted ,©ut«ef«de©rs Im such a way that they automatically m t  
ttoo^lws parallel i© tbs wind direction* He found .-that the bsat . 
transfer coefficient for wind ©p@©da to 20 ft/sec* is giwi.fey s
h .; 0.57 v°e656 * o.s?£-0'58v/ — A s y * ... -- ,:;li - n
' ■ ft* hv ef
■"' *■* *-»p! 655 s®.ds-8B*-*53-c.i**K» eps urn *i> *?■» c»«* a>t* ess ®*jnro»
Hawolce 0 )  e^rlmented with-too parallel oast-iros. plafc@s^
at* by 1.06% ft* {2*0 si*, by 0»5 ©*) fixed at a distance' of 10S$ is*
{4*8 cm*) apart art-maintained-at about. 212°f by maam, of stes© Jacfcstimgo
Mt air g t » s  at. speeds wy i n g  from 13 to 65 ft/neo* was parxsd iat@
between th© plates throng as extension 6*5.ft*. In length*
Taluks obtain®! ©f the coefficient of beat izm®f@r (b) '.ocmfozraad to th® 
expression j
O057 ^p&7i3 B*Th(
-— « « « _  .**.*;.:,.:.:i2 - I I
th® logarlthalo bsob haAag t#J®n for tbs. air tolerates.
fRtuoue also carried out % aeries of expsriiasata m 6b. platasi: 
different leagfeha 6 for air spewls 42 smI 34 ft/sac.and foi»a;taat fa® 
fe traaafar ocaffiei®sfe Increased with the decreasing length,- attiwpiiag
expression g
LJ
li.
11o
v w 1  H
• can fee oesparod with L&tsk©* a th©©r©ti©&i e3q?r@88to^s©©
. . ■' page 5 )# wtiioh shows that Is. should-be prc^ortioml to-4  • - .
H&uoSse’s values for a .similar plat© length are .higher t3;i.a.ii those of 
f'1 ' Jtarges* ®a© forsmr attributes this partly to the fast that, the
eondltiena of air flow varied* atad that 'the fcenperatur® ra&ig® w m  •- . 
smaller j 'ftsrfcherssor©* Jurgps air feenpar&tw© was taken as that of the 
©iseossijig stream*
ftm msdn ©!>j@cst ©f the e^rime&tsl work carried-'out bj gwtgm (IS) 
was to m & star© fch© heat transfer from a copper plat© i»64 ft* ;©%;- .with 
Variously shaped surfaces (smooth*- rolled and rough) to- air: fluring 
parallel. to tlif gurf&e©«* 332® surfao® fcea^ rafcur® was 115 ^ 149ffe* tits
air temperature being 68°F« fh® plat© was arranged in slipiiireiit.-wi/al-i 
©a® of the vertical walls' of a dust through which- air was M e m  by\ means 
.of & fan* the velocity being smeared by a p±t©t«tttbe6 & ltaMiig«4a 
■tmml ©f slightly greater width- 'than ■ the' duct was used to gim:ap..,ai:r 
stream with as uniform a velocity m  possible* 33j© depth of thevair-' • 
stream in the direction perpepdioular to the plat® surface m s  9.©#;,in«
(25 cm*),- the breadth being 23*6 isu (60 cm*)*.. $h@ feydxodyr$miQi: vgt&rtdng 
length in. tlses® essperime&ts was 1*02 f t *  f l i t  tesperatur© of the plat©  
was maintained by ©leetrie he&tiag- and the- he&t input" measure, 4»s;-,th® 
usual ways radiation wms allowed, for by calculation* Fdg«1 ghswrs general 
view for the apparatus used* She results obtained are shown iiyflgs 30 * 
wad m s i  b© essprcsacd approximately is  the followXng s is ^ lifie d  form s
For velocities less than 5 ft/a*Q«)» for a&Dotfc/jariBrffioe
h  ®  0o9S ^ Do29 ¥ k .« IX» e &
for- smoota
ft
and for velooiti©© exceeding 5 pee* (16*4. 
surface
b * 0.50 f0*78 ^ i L .  ... ... 5 = XS
. . .  '. •
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Jig. 3 Apparatus used By Parmlee & HueBsher.
Saunders (3) stated that h@ observed from the investigation of 
different w t e  that for smooth surfaces the eoeffieient of he&t 
transfer is proportional', to a power of V around.0O8
The investigation of Bowley* Algrexrand Blaokshaw (22) s w m  to 
determine the surface coefficient ©f heat transfer with air at constant 
tesseratyr© passing parallel to nine different plane surface mterialsi 
used in building construction, such as glass, brick,. ©Broth and rough 
plaster,- pine* oonoxot*., and stuoo©.«
Air of the' required te^emtur® was sillied by a large refrigerator.. 
capable of isg&nt&ining temperature &mm t© ~10^P« • Th® air was blown by 
a .sg3ltl«blad© fan through a  long straight 6 in# by 12 £&» rectangular 
duct* The air passed, o w  the 12 in* @<^ar® test surface, - 'whioh was 
inserted-in the side of the dust flush with one of its vertical, inside 
surfaces, then it m s  carried through a .return bond and brought to fch© 
sold room (fig# 2).# This asrangeiEent, according' to the investigator-^ 
provided flow -of air over tost surf as© without tnncbulenoo* Hoat,-for tli@ 
test surface m s  applied by an electrically heated plate, ..the cpaiatifey of 
heat being measured by pass!fig it through a 'HiokoXXs .heat flow meter, 
which was calibrated to give the number of B*.T*¥* flawing 'through,.'& 
foot ©f the plate per hour*
The air velocity at varying distances - ffcoaa' the test surfacs was 
issasEirad by msaa® -’of a p±tot*ttfbs and a draft gauge* The air velocity 
was derived from -the fonassla
T  s 12*456 6. - n
where ¥ » velocity of air' isales/hour*
F^ .» inches of water indicated as the velocity pressure:.
by the-pi tot'-tub©*
w « weight of air.as obtained'from tables and charts
with the'aid of wot«anMlry bulb thermometer.;,;-' 
readings, together with the ba.ro,a©trie reading*
Throughout all ti© th© air ■velocity m m  mmvmd. at th©
m n t m  of th© duct * .
Air t©*a^©mtnar©s measured bj tharmooouplea* tests wer© mftM 
.both with a shield between th© therwwonple and the test s m € !a©© and 
without it® ' It m ®  f o « M  • that radiation had m  ©ffeot ©a the tespsra- 
tures indicated by the couple* therefor© the tests, w  mads without 
th® shield®.
It m s  found that the air temperature siesMXj dropped until §  issfe 
from the after which the- air was constant regardless
of distance On® inch distance m s  maintains*! constant throti^i all the 
testa EBt© air t©mparatnr@g were kept constant hj a thor^atatioally 
controlled electric heating gLmaant placed in Mi© refrigerating m o m  
In order- to obtain average radiation don&ltions^ the inside Qerfaoe ©f the 
test duct was painted a dull • gpogr* Th® surface tesgper&turs of the teated 
plate was as$agror©& fey 2S-gaug® Q®g$®v**&ombm&m wire*
Mo allowmao© was sad© for @sd loss of heat from th© plat® mj&P m  a 
precaution*. the edges of the plate were insulated with layers of felt t© 
pravmt side'heat losses*
Surfaces which were considered to he raast typical ©f building. 
©pBsferucticn were used for the tests* • In making tests ©a each susfao® 
ootoxb! different air velocities wer® selected and runs w  na&o at 
different mean tes^emturcs ranging from sere to 1 0 0 %  for each .velocity* 
fli© value of the surface conductance (h) for each, .test m s  .givsn fey 
the expression t
where h  * surface oondnotmiMi
taSft*7?
qt s ’ net heat for .eon&uotion and convection
P
A  * area of the not surface* ft'" 
t s mem surface t©js^ ®r&tur® °F®
ta s mean air .tessperaturn °f.
Their result® were m%  correlated to the dimensionles® groups#
*» C59 Jf£HP3 ejt B3?> CCS «5* CSS *» «*«3*
Baris®!©® and ltebsoh@r (18 & Ip) carried out as&&ure~
ssemts of th© .rat© ©£* boEmotire heat transfer through a tujftn&ent 
boundary layer from & 'vertical smooth flat ©is?fae© to a p&rall©! ®tr@am 
of air® The aim of that iawstigaticm w m  to find ©ssast data on the 
effect ©f wind. velocity pa the overall transmission eoefflcieixig of the 
glass of. ’w&mbmBa' ;• .
fhcj ©htsd&ed data showed the eoaibiaed had separate influences.-'©a 
th® Gonm&tlm ©©efficients. ©f air velooity asi. &mt®m length t^ asured. 
in tli® flow dir80ti©E®. They are compared through th© iisdim of. 
dimensionless jailor, with the slrln friction of th® flat plates*.
St was roooEsiaiidod that th® application ef the data m s  restricted 
to th® following ccndltions *
1* that- the mrf&o® is perfectly smooth and flat*
2a that tbs air stream is' undisturbed up to tins point at which it 
first- sashes contact with th© ©sMjoth surface*. .'■■ .;■;.-
. 3® that th® flow. of air along tho plate is m@M that th® yeloeity 
distrXbufeion in the layers of air ©lose t© the sux£she-;.i® 
characteristic of turbulent flow®
-Essentially the. apparatus consisted', of a ssasoth flat plat© ih.out 
§3 inches long*. electrically heated*,. and in th® centre •©£ a
rectangular 'dresMdurough typo i?in& tusmel 16 Inches wide by 30 inches 
high* and about 12 feet long, ":/T
The wind turniol and ®<pipisent aasa&sbly are gh©wn in fig0l* X •';-.'$ho 
length of th® hot'plat® was adjustable in four steps by heating J different 
parts ©f th© plat®| . th® rat® ©f heat transfer from ©ach of th® ferns* 
areas ©smld b® measured separately* Electrically boated. guard areas 
around eadh test area eliminated ®%@wis© heat flaw®
Th® loading edge of the plat® had 'radii of f in® and 13/32 in® - The 
ciat# listed in that research m m  . therefore distinguished assoaiing to 
th® characteristic ©f the leading ®dg@a ■
■*'..;  ^ 15.
tois^r&tures wore measured bj Vh^Tmmms^X^m embedded in 
the witesid©® of the plat© surfaces* • lir teji^ eraftoros wsrs as&sar^ cl 
in front of the leading adga©
fli® TOloeitgr ©f the air eouXd be adjusted o w  % rmam$ of ©bout 
■2 to k® m»pM* (5 to 60 ft/se©*)* ffea veXoQlty m s  measured pi i£m 
air stream vtiLflmg’ between the plate and the tuxmel wall* sbomt hedifeey 
along the plats length*
The mit rate o f  eonveetioa heat. tran sfer from the plate surface 
was aoizputed by extras ting from the ©lestrioal input the ©al©tilat@d 
heat lose by radiation* fhe tejxper&ture differense was based. upon the
average teopev&ture ©f the plate m d  the. temperature. ef the air streesa 
before it passed along the plat® susfaoe*
fh© mechanism ©f the diffusion of heat and the ©change of 
in fluid flow are similar and are related to a common dimension!©®® 
Busier* the Beyaol&s number R@* She relationship between these to© 
proe®ss®s tma expressed by the Brandtl masher, B?*
fhan these workers referred to Colburn {8} for the correlation
%  ^
(S6) (Pr)? * fg f ... 8 = 1 1
•nit GoMsfceia (8) lias aho-mi that Was-akin fsfiotioii fftetc® for flat 
plate® is represented by the expression ?«
t * 0.455/(log Ea) 2‘5*  ^ ... V9 = II
fher@fore5 the equation whXdh represents th© h@at transfer 
beooraes t
\ t  » (St) (Pi')'’-5 a 0.220/ (log He) 2"&8 .... iS = II
^hor© the fluid' properties f- ,yf| , Op , and k# wore ©v&Xmt®d..a|? the 
sssan of - the- plat© and the air .stream tefi&ev&ture*
$© find mean looal boat transfer ©©efficients* the e^ erisss&fcs w©r© 
oexrled out by heating a eert&in length of the plat® and running tests at*
16«
of wlcKsities.o fhoa another length, of'.the plate was fe©at©d aisi 
testa agaisi oaxriad put. at a s@sdee of TOloeitlea* . ’ ; : '
fa© Stanton I St) jmnfeer w m  ®s>clifiea by a faotor otto talc© agootmt 
of fell# fact; that the heat transfer « s  8s®&si2r©& eossa distant©. to' the rear 
of the leading edge of the heated &m:£'m®s fids factor was derived from 
the friction fon^dae*
T h ®  Q Q 2T Q la tlon . o f hs&t transfer oo effio ie tits  o f a f la t  plat©  
m s expressed as follow s %
rg etecesuesssff 8 &• & IX
yff&anst
fhe data wore in good agresnmt with th© friction f&oter (drag 
ooeffieient) e w  which is represented by a solid line, (l%> 9 ” I I )
I t  was' proposed to its© Scpaiios 10 «=» XI for th® CKSBputatioii of 
coefficient® applicable to conditions beyond th© r a n g ®  of th® wq^idii&tnt&l 
work® . . .
Corves w a r p - based. upon Equation 1.9 « XX, In order to sisplify th@ir 
application,; it was e^g^sted. that the fluid properties b ®  evalmted cm 
th© basis of -air tes^eratee on!yv. . .Air.properties hara been based ®j©a ’ 
a bar©sBtrie pressure of £93^ inches Sjgo- and SOfS relatiw huiddity*
STA INLESS
S T E E L  SUPPORTING
TUBE
COPPER H EA TIN G  
SPECIMEN
WOODEN
NOSE
PIEC E
A IR  FLOW
IRTINGiUPPQI 
>T AND
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£‘ig. 4 Apparatus used by Jacob & Dow,
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5 Apparatus used by Siegel & Hawkins.
F/G $  SECONDARY FLOW IN  CHANNEL CORNERS
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17.
in aqpwimmtal iawatigation wa8 wHeytatoa %  aUtob aBa B«r (n)
60 C o w e l l  Safe for te a t transfer f lm  a oylfca.x4 o&l  m a t * *  t o  a A s -  in  
.parallel flow w ia  ^  ■Bitlmit untested starting g e o t t^  8te  to aetw ifea  
the effeet of differs* J*,W W . S «tarttes l ® gth8 «* « »  feat t M « -  
M A M  « *  to e***!* theoretical „*d ^ r i S8a« ,  N R it« for juans
iliv* B&la par* a* ike# $gps?A.tus was a hot ocsppsr tub@ 10J aim*
« *  8 in. long, with an eleotrio heating eon „ *  t t o o o ^ i o s
to measure the si®fao« l;en*3«patt&es;l,
 ^ Vooto aoSe# i « 9B of different .sbaFs « *  Xeag6h „ a to ^  m
*o&J,!kx**a s it t in g  length. Fig, 4  shows the ooasfcrswtioa'ana aiaasgions
of til® apparatus*
In the oapertaaxta, air Bas pawed. through a o t a l  by * ^
di8KteEea *  6 W e  “ ® 18 10 to. into the rooa „ *  against W
® pa-a..3*3, to tae floe -ones. 5S» main air stream wslooity was
SSaSUr®a by a Pitet tuj30i- asja t!i® wlooity of i'm air stream wao a®fenrii2ed 
at one point only, tMeey between the ends of the hot plate and 2 !**«,
feom its wrttee, tfe rjBaa &ll, wlooity feeing detewiaei %  the fomila ,
T E 1 a„275fS7f~
/ V  «*•* 000 1J « XI
i^ iier©
Bsr 55 velocity head l&ohgs of Jf^ Q
/  «. density of air ... lb/eu.ft.
 ^ ®ho heat i^»t to the apeola* wa8 detemotaea from tte «ttege of fee 
bating ooil{ th. of * .  m;ia sf;^ aa awi ^
w u  ® a« .  by i t a ^ l e s ,  BofliatiCB f tw the teatisg roftoo of the
^ m r n n  « *  all other tea6 i0a89s wer8 aetermtoa individually for oeoh na.
iSo
fia© coefficient of. heat transfer by ronveetiosi wms found from thm
Equation §
«. «=' L^s
i - f
Vs
A {
•s total ©l©atrioal input givim to the hot surface* 
q '* total loss©# from the hot em*fao©@
t . *. - mean. t@*^©r&fcur© of tk© hot mirf&o©*s ^
t « toiipor&tur© ©f th@ bulk air> • .
Irp©ri®cmt® m m  carried out with ©©von different n©s@~pi#c©^ 
1® iu w@r© correlated from the following ©Rations of .
definition §
h % h a i  : U . M  ~' »• —■»«»<■«... WWWTOWM 0'* b • b *  » dO. X -i
whore- r & naan velocity of Mils air ♦ ft/deo*a
Ho t  * Hfc ,i‘Lfch
S3 X@Bgtk of starting hytesdymmi© length
L^h . 's>_ l@Bgth of hot surface
v \ ^
s kipomtic viscosity., and was taken at. taogevature \tg)
&f • s thermal conductivity ana was taken at toBperatuxc (t^)
fcf « tB ♦ 6/2
The rati© wms varied from Qo101 to 0*6q6* Ifu verges So was
plotted for various oases of a oonstant ratio* tested
region was g©si@rallj started at B® fosfcwesn 250^000 suad ©00*000
Co^elatl^m of ito 1® gaits*
Tim Stasslfc miises? Hu m s  plotted m r m ®  L^/hp^ tor two oombmt 
©f R@. ia tho tmin£L®nt Th&m results % w  r©p^smit©d
th@ Equation i •
Ifa * Co (its)81 1 *■ G, f S C
, iTfJ
X? - II
f o r  H© *  ©0Esfc©mt.a
&  . 02 ^  05 (lV / L tot5B 14f - X
Beters&aisig fch® ©o&stasita f r o m  tk© ©^©riinsafcaX.data* th© falla^Iag 
E^mtion t o r  th® turMteife r o g i o n  o f  tti© feomasry. X^er m »  -obtained.
m ~  \U«m,mj ,2.75 «■ j»X
If the therissl and bydrodpaania s&tio&s start at tk@ eaisa ptd&t*
i
B<p&ti©& 19 «.XI reduo®s to ;
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FIG . 8  A FO R C ED  C O N V E C T IO N  H E A T  TR A N SFER  CORRELAT/ON  
B A SED  ON R EY N O LD S N U M B E R S  A N D  TH E J  F A C T O R
X'lgs. 6 , 7 & 8 Results obtained by Siegel & Hawkins,
. ■ 20
BlaipIaEd Emiki&m (23)# working at £iar&u& tlhiversiiy, earriod out 
ox^riatefeto to establish a gmwml  ©orrelation of the «5cg@riis®2ital data
4
dealing with heat traasf©r from wrtio&l plates t© air, and to study t!i@ 
'iufltiaiios/of tm  air volooitQr and tesi^ er&tur© difference on tbo oanvootlon 
boat transfer eesffioient*
Tim ©q^ iipsaiat used in aeiisiatod ©f a wind turn®!#' ss
©leotrlGallj heated plat®, and velocity, tes^aratnr® and pressure 
measuring instruments* !B m  wind tunnel had a working seotioii 68 ia* 
loag and an 18 in© scp&r© oroaa-seotional ar®a® ■ She air flow tln?ough 
th@ ttaiEiel rim produced by msasis ©f a 42 .in* fan*
She heated plat© aaBeisbly ooasisfead of an ©xposM 1/8 is* brass 
plat®' of 10 in*' ss 8 ia« heat transfer.surface, an ©XeotrieaX: heater and 
a rear giaard heater, separated by insulating eater ids Insulating
was &L©o pXaood around the e%©s. of fch© assembly, ©Kid sorsred 
the rear surface of the gmrd.&©at©r«
W±m: 2S~gaug® (xjppexHronetastaft wire wwo insortsd
into grooves out into the brass plat®, to ms&sur® • its temperature*- The 
heated plat® assest&y was mouated .in a vertioal - direction in tfc® feumiel 
in such a way that ill® plat® gurfao® wss.fl’amh with the tismel working 
ssotion mgfm®#
£ 3/16 iEft pit©t-staio-tiib© was ussd to mo&mara ■ air stream 
fas wXooities at distances greater than 2 in» from the plat® w  nearly 
oonetant, and iha v®Xu@ was islsm as th© stream wlooitj*
From- thr@© to four houre wer® required for ih@ plate to. reach. ®a 
©cpilibrlum condition* for teat precedes* , tine, -barometri© pressure, 
w t  and dry ©ulfe temperature, electrical pcror input to both heating 
©Xosrnts wer® recorded*
Sfe® o f ep@@d waa 5 X &
$h@ rsasg® of th® tos^omtnr© of III© plat® was 10^ ° « 3S8%«
Th® data rosultiBg from tb© teats wavs e@rr©lat®d by using” dii®asAoB«» 
loss factors based cm the li®:jn®l€m$ FooXot* as&'Hussolt sagfttera and era 
stem An Figs® 6 aad 7®
■ is Bc^mtion rapreaentljag th© eorroXatiOB tor BaynoXdg 'uub&os* gfeoisi 
in Fig® '6 ® is  as follows i
A sis&lar ©cp&iloii*. which represents 'the correlation mmm in .Fig® 7 
is as follows i
In both lepafeions. 21; - IX and 22 - IX,. fchs physical properties- mz® 
evaluated at .the averag© • temperature between tbe plat® surface ' temperature 
@ M  miii aiF«stF®asn temperature*
fh© characteristic dimension in the Eejaslds and ttasoli stssbors was
0»02$9 (l©f"fe1/ Si * IX
2a - xx
fetes* length of tli© heated p la ta  ssagersd p a ra lle l to' the dirsstioii of fete© 
a ir  flow#
Fig® 8 is a plot of iieynolds end the- J factor*' v&toh is ©cjaol to
i i^ .
!»,) (2UL)'<> 9 tho dots. 2?®pFosonting tost points obtained in the
rostigation®
Ids,® 2 represents tins relation suggested by CoXbym for the turbulent 
region* wMoh is s
I Q, c
■L, JS §
.)
-o.s
m  - sex
14.S0 1 represents a smooth &tmm dram througli th© -teat d&t© ©f 
Justus* .
tbs- result fisai presented 1>y Sl@g©l amd BawMne are t^proxtaat@3y 
15$ bigpxor than those obtained 'ixj Jnrges*
I n  the m m  paper* Jakob dismissed ihs higher m l m g  of SXogoX and 
HMdii** ©i^risaosits* first he ®:msslmd the work ©f Hawkins and SXogeX* 
and ©oisld not find ssyfMisg <p#sticimbX@ in the arrangement or in the 
o^eriissnts Secondly* is© ©osp&rsd their results 'with those ha had 
rooontly .obtained {B@f«i1} tor- tbs eooffielent of heat with air
msmi parallel' H o w  to a oyXindrio&X anrfaoe*
$?© illustrate the observed, differences* Jakob arranged the mwrnit of 
Siegel and B m k i n m  and M s  ora. in a eos^arahl© fom*
Jakob and Daw represented their findings by the oqimtioa s
^ Sooeao' (S@)
h ® ooofficiont .of hsat transfer by ©©miction* ' 
H o t  ®' H i  *’ Hfr 85 length o f  {fee Qpee&m*
» the ustfteftted hySraS^amd© starting X®®gtii*
» i*©* heated length*
& s- t i m m«fr
.fcy ©f ta© air at taa
V + V /2•&? £3*
ill© awre# surface ton^oratur®.
t s ill® issromiiiro of the bulk of the air stream*a - •• • •
*? L. »/% a «©t %
▼ • * y&looity of tbe ** of fc&o aa.r
<& kinomti© visoosity ©f the air at t@np@raiur© ta
If further «^4 tioii «
k'th“ *A ■’W  *f,„/ I; .AS? vi& yV  u
W  *& <WM * a
•hen* by siftcftfcutlon in lqe 2k. - XX
OKo
in)**©- 0*0280 #  0 *4 ! v/Hot?
v0ea
Vi59)tll
os,; t * f4^ <=> .4*
In Siegel @nd l&wldns9 $ ©^©rimeiits, X* , and X*VA, may bo soiisit^►3W vO? t?
from the and of the Ssoneyoomb then
it •=* *■«»**6»A&
as- w/'iZ ft*j and t & if’o
and by substitution in 23q* 2 3 - XX
(5ftt)t}l ® 0.0250 (Ee)^ 26
2ko .
Equation 21: - XI of SXegel and Hawkins, can Iso written a a
(J!u)th =■ 0.0239 (S©)®^!7 ...• ••• ■ 127 -XX
where the subscript f may indioat© that ^  is taken at the temperature t*** • «  ^© '
Bqix&tlsn 27'- II ©an b© st^erseded fey
(!5a)fch » O.G3S8 ... ... 28 - H
Thm Jakob Introduced (H©)^ instead of (Ee)^^-
For the average test toa^eratnres
ta a 196.8^., tR s 77.3°F., and 6f = 13?.0°P.
( » 0.155 aa*/e®°.» ^  • 0.190 ea /see*)
the Bq® 28 « II ©an be. written, as s •,. . • ' -
(B»)&  * 0.0362 (So)^8 , ... ... v 2 9 =  IX
By ©©sparing Stations 26 ~ II and 2$ ~ II, Jakob found that the 
coefficient of .heat transfer ©fe tallied fey Jakob and Bow were 31$ lower than 
those obtained by Siegel and Hawkins*
In view of this comparison, Jakob subsdtted. that' the main. different© 
in the two previous sets of ©spexdiaoats seemed to be that M s  owh.^^ertents 
were done with a free stream of air* whereas- those of Siegel and -HaiMps 
were carried out with air flowing, in a gptra channel*
He also questioned whether seoondasy streams in the comer© o f  the
©h&nmel mi^ihowcdng the sid&s of the tested hot plate assy haw increased 
the- heat transfer* Hi® ©^laimtion ©f this ©©©©Bdary steam mg? that 
in the ©ross®g©cti©tsaX area of a rectangular channel secondary flow 
0©§^ ©n®i2t© mom from the comer to the middle .of the sides, thus .the 
heating plat© in Siegel .and Hawkins* s- ©xperiiBoii'fcs is&y haw been, cooled 
issor© quicl&y than In a m m  parallel flow m  exists In & free stream 
(see Figa9)»
Jakob, as a conolusion to the aforet^ntioned comparison, re0ma9SKle& 
that isore. work he don© for comparison between the heat transfer in 
unrestricted and is waH~fe©u3sd©& flow*
Fig. 10 A photograph o.f the wind tunnel.
2 So
©i© apparatus eo&sists ©ss©ixtiaXly of a wind tunnel, a heater and 
neasuring instruments* .
HID TOKH&L
When the writer .started M s  esqseriisantal work oh.heat transferj a 
wind tunnel was available hut requiring considerable modification before • 
©apabl© of Ming useds. it is an open eirouit or straight throng -type^  
having a square working B & o t l o n ^  through w h i c h  air is dram h y  a n  air 
s@rsw.at the outlet end« The air is afterwards discharged into the r o o m #  
and returns slowlj to the bell-*aouthed inlet•
The main' cong>©n©&ts of the wind tunnel ere s '
(i) Boll^MonthM Inlet* .
This was designed so as to aohiew a uniformly converging air 
stream resulting in a flow parallel to the axis*.
The ratio .of oonvergenoe for hell^iaouthed Inlet s 4 
The length of the inlet « $6 in®
(ii) Test flhasiber (or Working Section)
' The chamber is of square see tiem 16 In® s 1<S 'in# and is 44 in*
long*'
HQ 4 0  DRILL
\ t h e  brass  p la te   ___
AND WATER CLASS
FIXATION OF THERMOCOUPLES
IN THE BRASS PLATE
THERMOCOUPLEASBESTOS POWDERENLARGED 3 TIMES
GROOVES
I. WOOD FRAME
SCALE.2. ASBESTOS.
3. BRASS PLATE
4. MAIN HEAT FIG.11 CONSTRUCTION OF THE5. GUARD HEATER
6. ASBEST9S SHEET FIRST HEATER
(iii)' BsdLb Q&m
TM® u s  designed to dieoreas© grs,dually the Ktafttlo energy of th©
air stream to a practical misdsssa before diecbargs take© plaoo Into the 
turns! room*
Th© ratio of di^@rg@aoe for ©nit cone a 1*62 
. ©i© length of the essit oob® » 3$ ia»
fills is of tlie direct current type* Imping th© foXXowimg. 
characteristics z .
3$po of motor *«*. shunt series 2>*G* motor* ,
Voltage ® b«. 110 ¥oXtafi
Normal speed ®»® 1,.300 r*p<>m«
The motor was exported ©a a solid bass in mQh. a limmes tbat it© 
asis. was isa th© sam® lino m  the tame! axis* ©is. currant ® §  .$uppli@& t© 
th® tunnel motor from a Vich&rs Motor Oonorator S@t|. ths c©£&@otiph die..graa 
is. shewa in Fig* 14*
T m  air is suoksd into th® turn®! by. am air r a w  eomsistimg of four 
straight blades hming th© outer disseter 25 in* Its shaft is oo-’pXod 
diroot to. the driving motor* Fig* 10 is a photograph of th© wind-■ tunnel*
T m  fxebt m r n m  . .
©&© first heater consists' of the following main oomp&wmt© •*
(i) She'brass plate*
,{ii) The maim heater* 
c m )  ©as guard heator*'
• '• (iv). • Asbestos shoot feotwee& the heater and guard heater*
(v) Hooted frame and asbestos shoots*
Fig. II-a
Fig. H - b  
A photograph of the heaters.
(i) Eh® Brass Flat®^ 0 te&aifrrtfssasue&vvxvoi&ttatzt&axTesatHo&tzziMs&piiSftiy*
Ehto is 10 to*- as 3 to* m 0*1$$ to* ? . it m a  on this surf&e®
T O j  5© square toah&s, that all paleuXatiosis ©f .heat transfer w§rt h&ged* 
His® holes were .drilled to the brass plate., using l,o*60 drills (0©G4 to* 
<£!&*) and nia® g r o w s ' were • provided to the surface of Mi© plute*
Eh© thssm>Poi^l©s(H®f*1^ )^if©re positioned as follows; t'- /
Eh© ends of the two wires- fonstog the theraoeo^l© were welded 'together 
eleetrie&XXy., then placed to a hole ® M  fixed bjr soX&ertog, _&rid.:sligl:itlj 
hampered to^fXXX the 60® clears©© at the upper surface of 
Bach thermocouple was ©stseddpd to a gr@©¥©#!th© e&thod of th® fi:ctog being 
.ensured by a solution.of water glass and asbestos possder ( 
also acted m  effect to® insulators*)
She thesasoemspXes passed from Mi® plat® through holes to to^-asbestos 
and wooden frasse*.
(ii) Eh©' M&iia Beater
Eliis m s  md® of nielli chromium wire .of 32 gang#, wouritowr- a 
sheet of mioa 10' .is* x- 3 in* x 0*008 to* and placed between two rd.©A sheets 
©f tli® ©ass© sis©.* Eh© aaasdbmsm ppmr input for the heater was ttymA to he 
330 watts*
(ill) The Guard Heater*
Eh® main object of the guard .heater is to prevent h©&t.vl©«& 
from the aaato heater to. the frames It was construe ted of Mi® ss 
dimensions and to the m m  tmim&r as the imto heater*
(&v) Asbestos Sheet bofcwoon, Heater eascSt gfeiara. Boater*
A ®hmt of asbestos 10 in* 2? 5 in* % 0*25 in© was placed betam& 
the- imia boater and the guard heater* 3&V90 fcb&mDaouples war® tbea 
pl&oed and ©ssbed&od ©& the upper mtfme of this sheet faoing -the Xower 
®ws£m® of the heater, • three other thonsooouples being. identically placed 
m  the lower surface of this shoot f&cteg the \tpp©r surface of the. guard 
heater in guoh a way that the three thex$BdeDvg>les ©a the mpp©r jpnjrface m m  
exactly ©how the corresponding therros^ ouples ©a fell® lower surfa©©*
<t ) Wooden frag© (and. .ttdbeato© sheets#
Asbestos sh©@ts of Z in* width susroim&ed- the edges ofb&h© brass 
plat© to' prewsit heat loss©© from the edge surfaces© Asbestos i©I#©t@ were 
also placed under the guard he&ter* $h® brass plate, heater, .gfeard heater 
and asbestos.- £&oots was© ail fis@d in a wooden frass® (X6 in* • z.;. .1.1^ iB». 
ac 2*5 !»•)
The tap ©f the brass plate, asbestos shoots,, and -wood©ii^ :frms^ , 
formed on absolutely plane surface, so as? m %  to disturb the air ilew*
All ih$rsK&©uple& wore of ES^ gsrag© ©©gper^onstantah wires, 
ecnrer&d with heat resisting insulation (woven glass)* tfte3am0i®le&
war© ©sledded in asbestos, their purpose bains to dotersdas the h@ft flew 
to sides, and also to establish the ©cplXibrii&i naoesaary for ©sstu&X test 
conditions*
fig* 11 shows the ccmstrssstion ©f the first heater©
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FIG. 13 DIAGRAM OF THERMOCOUPLES C O N N E C T I O N .
xrom m s
2h® m&&m?±&g insferwi^ats used in this work were t
1# Pitot tea#
■2. Sliding holder, for pitot tee.
3* Measuring point manometer (• C&sella design)
&>ro . Gbattook manoiastor#
5# laitfciaeter# '
6* imsater#
7* Potentiometer set*
B * Bel®©tor switch* '
% Thermos flash frith ie© to fossa cold junction*
10* $hermoiaster.t
■11i« let and dry feulfe !^ ?dr©m@ter*
■12* Speedometer*
<§ ¥“ *?» StrafoofXash* to ©hook steady running ©f & S r ™ m m w *
m m m *  A m w m %
fli© heated plat© mdt w m  mounted XosigiiudJj&^ly is. a horisonteX. 
plane in the tmmol 1b such a m y  that the plat© mrfm® was flush, with 
the lower ten©! working mQfs&m surfaceand parallel to th© direction 
of air flow* ighre© classp© were used to keep th© plat© la the required 
position in th© fha leading edge of the hot brass plate-w&s at
a distance of ll^ in* .from the. front of th© working station*'
A pitot tuba of 0*3125 in# di&mster was li@ld .fey a sliding holder 
fi3£©& on the t^per horizontal stirface ©f fee tunnel,' the holder feeing, 
designed so that the pitot tub© could fee uaowd wrtioally and horizontally* 
®he holder was provided with a fin© thread, ©no' couplet@ tea of which 
caused 1*5 J®* *?@rtioaX jaovement of the pitot tufes* A measuring point 
saanoineter (OasseXXa design) was connected to th© pitot tea t© m a & m  th®
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velocity head to. m  accuracy of 2/100 iaiXXlm$tres*
A Gh&fctook manometer of accuracy 1/1000 in* m s  uti@d to w ® r @  tbs 
pressure head at a fixed position (X) o& the tunnel working section*
A wattmeter, connected to both th©- heater and guard heater,.- enabled 
the- perns? for th® main. h@at.or and guard heater to be- sssagurod individually* 
An assscter .was ©oimec ted to both heaters, its purpose being isereXyto check 
th© magnitude of the. current*
The electrical connection to the heater and guard heater is sliowi in 
Fig. 12*.
; Fifteen thenaoeos^Xes were connected to different points on the wall® 
of the working section to determine their z&ean temperature*
A selector switch and a therasoeQ^X© potentiometer sot wore need to 
measure the e.xn.f« of each thenaoco^X® to the accuracy of 0*01 millivolt* 
The connection diagram for the thermocouples, selector switch- 
potentiometer set and -common cold $TOtioa (ice in therssos), is mimm in 
F i g d V
A tltormocauple and a thermometer of accuracy 0*10°F were used to 
measure the bulk air temperature*
A wet and dry bulb hydrometer m s  .placed near the inlet of th® tunnel 
to indicate the wet and dry bulb teqpez&tureft*
She speed of the motor was measured by speedometer and steady running 
oh©ok©d by "st^bofl&gh'V .
Th© hot brass plat© surface was cowered with a thin layer of cazbon 
formed by.an acetylene lamp and spread owr a thin layer of a- wet:dull 
black paint, thus it o m  be assumed to hat® a black surface h&ving' m  ■ 
osaiasivity of 0o98 (J&af.(6) p*190 )
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In ‘ order' to' obtain- af^sga' radiation condition, th© .inside surface 
of th® tunnel was painted a isatt grey*
Fig® 15 illustrates th® final arrangesaent of th® apparatus, th 
tumel, th® heaths* in position, and all sseasurlng Instrta&Bti&a*
Q M j m m m .  of f m m m m m
Mreot Qfenraarimi Method* ( m )
A. set of standard bh®mom1s®r® having- an absolute aeouraoy of 
w@re utilised to calibrate th$ tfcers&ooi^ lesa O m  of: the/standard 
iih@2?mmt&T© md'th® couple to'be ©alibratsd m m  tied together,. p&eM, in 
asbestos, and placed in the omiir© of an electrically heated t#©;;'.fiiime@ 
whos@ temperature could b@ accurately.controlled* it suitably';' Sp.SSjS'Sd 
steady teisper&turea, sismXtaEeous readings were t&leea agaisst
standard fcompemiures*
Figs* i6a and- 16b star the calibration-of 26 gauge ooppoi^o&st&ntaa. 
thonaoooupl®.*
A second 'e^ pesiiaft&t was carried out to d@ terrain® 'the 
thermocouple oorrespojjding to two fimd boiling points, that of .water, and 
that of naphthalene* . Both were found to agree with the'’^§iibr&ti©B
our^o previously deters&ned*
(as) Barry'BiO^TOOk, She ippltoa&icm of Ctadea1 Engineering, $9&0|
pp. 29*45 •, H*X* & lioisdon#
m m . A m m  urs^m 
H»0o Battel (19) stated that the radiant hs&t infcerehang© fe@tw©@n 
tInii© m s f m m  o©ul& fe© evaluated fey starting with the 4ftofA&^ltJRnan& 
law,. Klrohoff18 s law, and L&s&ort's cesigt© priuoiplo, th© prbfelesss involved 
feeing ssnotly m m Xogous to those of photossetsy astd Ulum&aatiosi, She . 
formation of point«td«po3j&t radiation in differential ■ form* and th© 
integration fe©tweea desired lisaiis leads in all oases to m  oqmtioii of 
general form, •
<5^ « gtefaa^Bolfeimmm Qomtmb » 1«72> 35 10 j
Wj^  is a faster to allow'for .the- average aiigl© throiijacmt .wfoidh 
es@ suxfao© nia@©af? the other, and is obviously dependent 
©n which surfao© is elaoseii for us© in the- area term &
E» m^ke© .allowance for ..the- departure of th© two m z f m m  from•L& '
•© outlet© blackness, and it is a function of
individual and pg
& m m s x y  of various oases was presented, all being evaluated with 
reforests© to th© feasio Equation 1 - III*
wt&ere Qg, «• rat© ©f heat trasisBdssion{fey radiation)
ii. « Area of on© of the two surfaces in sq*ft*
^  tf. MSan teoperatur© of th© hot surface if Shs* 
• Mean te^eratur© ©f the tens®! walls sfes*
In th® present ease, th© ©valuation of th© radiation losses from tli©
hot plat® surface.to t h & walls.of the turns®! worMiig option and honojooii^a 
could b@ treated ©a th© basis of a ©miX&r ©as© ©f his* which is stated as 
follow© 5
wa ©osipl©t®Xj enclosed body* intermediate ©as® between ©mil and 
largo sis© ces^ared to enclosing body’1#
1st this particular oas©. ;
Tha hot surface was ©oirered with acetylene soot* spread-over; .black
paint coating.
» es&asivity of th® hot surf as© * 0*$7 (Sata^ er§>|;6) p*190) 
She tunnel wall© were painted m att grey
A *  5 a  1C/144 = 0*348 ft2
WA  a* 1;
Fp m: endssivity of th© tunnel mils ® Q«,92.$ ( 5
and for th© value of HI
&
«
therefor© ■•■ $ »■ Qo95
and ^  © 0o348 s 1 x Q<,9$ x 1*?23 2£ 10^
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(i) speed of the motor was ma&sured fey a speedometer, •aw.str©'fe©fXaskt
feeing- used to oheok the motor sp©@& and th© sfcgfeiltty of th©. fan*
(ii) Pressure head was measured at th® fissed point RSR in. th© tunnel by9 p^3Ma6anwata?Mi»7j*Bi«teawwatgiaLa6Viaaite»ie» fi
a Ch&ttook gang®, and s m S, as m  indieatioa of any frustration of motor 
gg3©@& during th® ©spertisamfc*
(ill) 3H®sn veXooity head in tern©! working section was determined as 
shown in Qh&pter XV*
(iv) BXeatrio&X 1jm& t© th© heater and guard heater were both esammidv * «s^ aa^a»K«3^gggmyjflOTi>at^ iffi»auttt*;SktK>fo3aafc
gepar&teXy by a B*Q* wattmeter,
(v) Flow of heat from the has© of the main heater' to th® t m m  w m' 9 Wr»yln«l^ r»itiinTiT»r(nfr»wft(ffri-ffrTlrt«n~irf*>
prevented by adjusting the eleotrioal input to the guard heater. :t0,.'-mich a 
value that eaoli of the, three thermoooi^Xes placed on the bottom :jiprf&e©
.- of the guard heater registered.the. same e*m*f« -as. the .three $©r^sp®n&XBg 
thermocouples plaoed on the top surface el* the guard heater* ',
(wi) W X m  of heat from th© edges of him bras© pXate w as detersdhed by 
> two thermocouples embedded in th© asbestos in front of. the edge© ;ef the
. 5-.
. hot brass plate at positions shown in Vlg*11»
:, (vil) The temperature of the braes plate "was" determined fey measuring the 
©»m»f» of nine fi&ed as previously described (p* SSfc-);\ :' ■
(viii) 3*h© m m 1 temoemtun® of th® working section was determined .fev 
measuring th® of 13 thermocouples fisced on the walls of the .working
seotton* ' ■ .
""""  ’ .........  ' 56e
(iac) Air flow teaiper&tur® m s  measured by a teeriBoaieter having m" r iwnrt^acniTOW^ u^»g«5ag«it«Bt*f»rrigv^ Kse5si^ i^ t^ tta»apce?» ^
absolute ©©curacy ■ of 0&1O0S pl&oed 021 the em.br®. Xissa of th® tunnel ®foow& 
th® traiXing ©%© ©f th® heated plate | in addition* a thermseo^X® was 
msad to measure this tes^r&tur®, in order t© ©beck th© consigitenoy of th© 
thermometer*
fBISr£ B D O B O »
la order to achiav© a constant mean velocity (V ) in th© world,eg 
section of tli© tern© 1* th© spsod ©f t M  B90». motor m ®  adjusted te a 
r©qnir®d to!u©« Throughout th® teat, this sp©@& (together with th® 
steady canning of th© fm) m s  ©hocked at internals of 1$ mfaute$*;
For a giwa electrical peror is^mt t© the main haater, th© power 
input to th® guard heater m s  adjusted to obtain th© equilibrium ©.onditim 
previously described*
T m  following data wore recorded at interns of 30 s&smtes during 
th® test s
Hina therxBoooupl® reading® registering th© hot plat© b
Bis: tbsrssocoupl© rsadings placed b©tete& heater and guard heater*,
for ©<pilttetas condition*.-/ :
Sfco'thermocouple readily® t© m g istor th® heat flow from th® ©%©*
of. th© hot brass. plat®*
Fif bmn bbarttoooqpl* readings to register th® jaeaa tes^or&ter© ©£
. tunnel working section*
Ktecbrioai power ii^mb for both heater, and gaard heater#
limn velocity head*
Air flow tesp@raturc«
Wat and dry bulb temperatures*
Bar©B©trio pressure
From four to five hours were necessary to establish required, test 
conditions and for the plate to resell an equilibrium ateadyHBt&te 
condition*
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Befor© starting the calibration tests* primary ©2cp©yisB©nt© wr© 
carried out which r©v©@l©& th© following defects*
(i) By directing th© ft@trob©fXa©htt light on to th© elr^ scretsr* a distinct
fluctuation in th© blades of th© &ir~serw was noticed* which 
cau sed  u n s te a d y . w lo o i t y  h ead * ©sp@0 i a l . l3r a t  s low  sp eed s* 1. • 33x1b 
m M  wfom r mmmg direct from the normal 0*0* supply*
(ii) Bi© is©&n velocity in th© worldng section (h^ ) varied b@tw6®n th©
limits of 23 t© 5-0 ft/seo»'
Several arranges&n&s wore tried in order to improve th© flow .©osditiaia 
of air in th© tunnel* and to .increase th© rang© of isean v©looit^:. of air 
in th© working s©otion$ th® following ©rrangemats^ Fig*15* wsra'-finallj 
decided upon*
(a) fha current supplied to th© tunnel motor was ©onneoted ^ /to.'- a 
Vickers Motor Cenemtor aetj th® ecmnectioa diagram is shown in. fig* %*
On n m  testing th© fluctuation of speed of th® air screw by •«» m  rsboflaelii 
light* a steady motion was indicated owr th© ©osplet© range, of motor 
speed and th© velocity head was steady as a result of th© ©t&Miity of the 
motor speed* A wider rang© of air velocity in th© working ©action (5 to 
30 ft/'sec*) now became available* ' .
  . 59. ■
(Is) A g&us© with a m & k  of 35 gauge per inch was placed in th© front 
of the b©ll«3^outh entrance to th© t\nmeX* and a similar' mesh placed around 
the motor at the exit from th® tuxmel, this served as a ^distribmtor^ and 
helped to return th© air to th® tuntoX room at fairly low speed and over a 
considerable area, mid so to break up th® violently disturbed flow behind 
the air m r m  .into reasonably small eddies which had time to die away 
during their slow passage through the room hack to the intake©
(o) Two li©n@y©@it)sf having ootagonal cells 3/S in* and 3 breadth, 
were then, introduced* on® being placed at the .inlet to th® working seotien* 
and the other at the outlet from th© working seation of th® tumel’, to 
prevent swirl ahout the direction of flow parall©! to. th®. axis of the tunnel« 
It also served to break up any eooasional large eddies which might reach 
the intake*
The aim of calibrating the wind. turm©X was to detera&n© 'e^perimntslXy 
the m m  velocity of .air in the working section at different sptor speeds* 
Pitot .tube m&mromnt® were msde is four vertical planes (f* XX* 1X1 
and IV), their positions in th© tunnel working section- are ahem is Sigt^-a, 
Bach' vertical plan© was considered as 16 squares* each square being 
4 in* $ 4 in® and geometrically sisilar to th® whole section®
The velocity head was measured “by pitot tube at th® centre of .each 
square (Fig® 15-&)
'Tli© static pressure toad to an accuracy of 1/1000 in® was measured by 
a Ghattock gauge conBoeted to a tola 0*125 in® diameter, drilled in the 
lower horizontal ?f@XX of th© working section at position I* ct & distance 
12.in* from the entrance.to the working section* Thus the static..pressure 
toad was used m  an indication of say fluctuation of motor speed, and by
adjusting tlx® ssotor eontrpla* ©onst&ht air velocity and motor sp@©3. were
ss&ntained during t h ®  tins© of ©e&ibratioh tests©
©ae velocity bead was ise&surgd by a Bseasuring. point isa&oiaeter
(Ca&eilfi desi|p&) to an a©our®©y. ©f 3/2.00 sap#
Spsetaneter and ttgtrohoflash" were used' at frequent intervals to
smsinre th© motor speed to ©nswr© the ©oiisistemy of the ssotor speed*
$d©rey( 20) suggested that if a sssall hole is drilled tkimsgh th© side
, of th® tunnel* apd th© pressure drop in a' pip® eosmeoted with it: .i^
, calibrated against the appropriate mm reading of a 'pitot^et&ti© vtub©
traversed across the working seetion' (©deluding,, of ©ours©*: 1&©/boundary
Xay©r)s ' .velooities ©an afterwards he ganged without th© ©bsfcrtmtion of
a plt©t«stati© tub© in th® stream©
5?h@. procedure of ©jsperisseats* for a given gjotor speed* was to Erasure
. the statl© pressure head (h^) at position by the Ch&ttoek gaiigo and ' *■£">&>
keep it ©oastant throughout th© test© She v©X©oity head was mai^smd at 
c 16 point© for each of th® vertical planes X* XX* XXX* and XT* tMfv 
s' procedure being repeated for various motor speeds*
!2ho laoan velocity (Tsa) .of the working section between planed j£ to XT 
is th© amr&g® m m  o f  t h ®  average velocities at the four 
■ X to XT*
. fh© ©aXouX&tXon of the ssean velooity in th© tame! working .,amotion .
is as' follows
. . 4
where '
fe,| * hg* h-s * «•*•• h ^  » velocity head at centre. o f  the
"l> divided squares* t/ss© H^O
Fi
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(hT®)^ 9 (h?®)^., (fcvta)^ « mm-velocity hoad at
planes I^ XX $ 111# 1?*
. e/®* lg@.
® h,| 4*' hp f" fej >*#*
■ n/m» ; 1 •
?s^ # fs^ ■ ?sr m m i  velocity at pl@ii#s3 X,.
, X I,. I l l  and X?* : ' n/mm«
« •. density of air as offaotod
"by himddity $ M  b&rom^tri© 
pressure* Xfc/e&'ft*
Sables 1 to 13 fliboir the-observations for calibration of th® igioA 
tunnel» ■
Sables 14 and 1£ sh©^ th® rostslt of calibration of th© id,pZ. 'tunft&l* .
Fig6 17 indicates a straight line relation between .th© static'';' 
pressure head b^, and th© mm, velocity head b ^  , whers both velocity 
head and static pressor® head, are oorrsotod to 60Gfs
M  Bcp&tioa, representing th© correlation for th© static prossur® . 
head. (hp^)^Q and m o m  velooity bead (3%m)gQ la as follows 5
S Cht^ }{£.A ©«■« **« 3 “ X^
• Fig* 18' s h m  th©.issaa.ii^roaso.ia th® mem velocity along./eh© foot
length in the tunnel working motixm*
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Ill th® present calibration* th® position of th® -stati© -pmmnr® hoi® 
was located at th® t^stre&m of th® working section Just %i% front of th®. 
leading end ©f th© hot trass plat®, M s  precaution was taken to m i m m  
that th® st&tio prtsmr® head would, haw a esrnstmi m2*vm$ reX&ti^ to 
th© m o m  temperature, throughout tha and wild not be affeeted
by th® ©hang© of teaper&fcur© of th®. hot surface*
She procedure followed X&tor ©n for running th® tunnel at a ©©rtain 
ma n  velocity Ym was as follows s
1« Th® mo m  velocity head correg^nding to the required mean velocity 
V® was ©aleuX&ted at roost tezgper&tur©*. using, l©siw 2 - XV* ■
2a fa© ©©a^^poMing m a n  veXosifcy head at €(f*W' m s  then. e@Xo$jiX&t$&* 
using th® foresuXa h iz » h ^  s.
3* fba oo3mspondiiig stati© pxassure hoed at €0°F was obtained* using 
Sieri» 3 ~ XV*. or curve Fig® 1?®
h*, The oorretsponding pressure head h^, at room teaperatur® was 
calculated® ■,
5«» She motor was started and th© speed adjusted to give th© reared 
static pressure head h^®. fills would b© ©hooked and maintained 
constant at near internals to ensure constant moan velocity at 
th© tijB® of th© test*
Bemrk ;. Th© previous calibration was arranged so that th© position 
of the iss&n, velocity would bo halfWay aXong th© hot surf&o® length®
43.
Battasfeioas i
1® Bang® of mtor speed wags foimd to be 100 'to 1^00 r*p*a* awl the
air memr was atabl® all through th® show range of speed.®
2® flic msasa vglociiy in th® m d d & g  section ¥m varied between th®
limits of *5 “ §$ ft/goo#
5* Th® btalk veXooltj di.®irib&ti©a was ooagtant in th®. tayfei&mt
r©gio% !»©* at distances across© greater tliam 2 In* fmm.U%® 
walls ©f th© tamol working section* ■
4* There was a linear relation between msan velocity head, .h^, and
static pressure head h ^  m  shown. 1st Fig® 17*
%  There was a constant i m m m m  of th® velocity is th® tunnel working
section for all air velocities* a@ ©torn in Fig* id*
O I I P I B B  f
m m i m BmisaxmfPS&xssx&tv&BVza*
@isgty»tbro© tests war® carried 'out ob th® first heater for Various 
vsXno© of the m m  velocity of the M L k  of th© air stream (¥m) is ta@ 
working sootioa, and also, for various suitable values of dIootrioaX ho&t 
iisput to t o  mdn hoator, following t o  teat procedure previously 
described*
MbXes 16 to '26: inclusive,. sto? t o  final reading© obtained after 
steady condition for ©ash tost m s  roaohodU
Mean vol© of. th© bulk of th© 
air stress. . (Via) ft/aoo* . 51 5 :
Ifean tosp of -the bulk of th© 
air atroasQ* {t ) fIsa .72 5&-::
2SbX o plate tesap* U  0* 401 ■-. 155..
Mean plate temg>* (%) ** 580 . . . w
Sotal boat input B«E u U/Jb \ 8^0 ,250.;.
Oooffioiont of boat tra&sfgr by 
eonvsotion* B»rl%el|/ft$hr« F 12.70  ^2.52•
Raysaolda r a # © r ( ^ t h 257,00® .15,900
F©oX©t mwb®v C^)th • 185,000 11*450
Nussolt miissr' • 10k 107.5
. s m s k  of :G M m i j m s m . 
fhd folloffisg is a sample of GslotiLatioa for test 
(fahle 16S p 1^0 ), the data fceiisg raeorded after steady eosa&iiioh was 
ohtaisedo-
Seiqpar&turas ooamapoadl$g to the themsqot^le roadings- for th© 
positions 3* 4» and 5 (sea Fig® 115 o w  the hot -.sorfaoa were
feiEoemtnro °F
tj
m » 5  5021 323© 5 332o0 332.Q
Mean ten^eratora of the hot surface (t }
iSZ^SLj^l9d$Ji + 333*5 +. 332^0 > Sj’SuO 
2
318*5 fi
tifoan hvJk air tesper&tuze (t )
v2>*3 +
Film temperature (t^) 
a 191.6%
Meaa 15 tierasosHpla raaciiagB of tsss»®l woxfctng ssotlos
= 0.72 m.V,
QorrospoMisig m m  of iusmol working erection.
tt = 68°?. ■ ;■
Total eleoteiOBsl heat ifipafc to the hot plate (Q)
« £5$ watts •
as 860
m m  m m•liiMSaviiw^sleamttiecwsviaAieeK^a^s^Hitoasttait^eayfcissBwsttsiutc?*-
(a) Ho w  of heat l>y radiation from the hot plate m aarfa.eo to tli® walls
of ttgasoX working s@ot;i©n {000 p« 53) ■^^«>g«Wan>ae^lOTfyfw>fiw»fK^3g^ «»ariw<eaw;»swfci^ £aazakwiiafta!g«*aa«^>»'.^  ^ ”* f
%  - A E ^ A s F 3 s ^ ( ^ “ Et4 )
whsrs cj^ » flow of heat by radiation, from the liot plat® m&ifm©
<«saMsr»*»t»u*t©2SSi
ia?*
^  ». j£jL2. « 0*348 ft*
$' » . factor to allow for the average angle thrcrglmit., wkioli 
• os£& sirrf&ea ”8©osw the other
s 1
P^ » es&sslvity of th® hot- plate surfaoo
' a  0,9?
Fg » eadsslvity of working motion t a m i  wells
. » 0,95
Pi =s factor, for departure of the two snrf&oos fr©B
. oojsplete blaolQioss*
a 0,95
e« _
c" a Stofen-Bpltsmsxm ooost&it s? 1*723 % 10
- . f A v ^ s b
Tlmmfom y  @ 0,348 x 1 x 0O95 x 1,723 x- i0*x (778,5^ - 32$*) '
» ' l££
47,
(b) Flow of heat .notion
asbestos gurroundi&g«0AcmacvjfiW*R^t»a^ttaaau«»HKU9C3nw«iNturus>0C{awr^£taMSM»
q 85 >K x A x ©
where q sb flour of beat' by conduction from the hot plat® edges 
to the surrounding asbestos* B«Xh»H/hr*
IC a theraal conductivity of asbestos
a 0.09S B.Th.tT./ft.hr.0?. (Mac Adams) p.582
Area of the sides of the hot plat® in ft1
= 2 (10 + 5) 1/144
0.02S ft
. djc s distipo© in ft,
« '1/12 ft* (see Fig® 11) _
Kean thenaooouplea (r and p) reading at a distant© 1/12 ft* from
the centra of the sides of the hot plat©
S ’ 2*23 + 2*75/2 
231! m>%
Corresponding temp, '= i43o0°F '
Assusdng that the teisperatn m  of the sides of the hot plat© ©qusde 
the mmi temperature ef the plat© surface,. 3iSs5°F* *
thm dt s 315a 5 • 145
_  173.5 °p _
therefore q a 0.036 * 0.026 s Tj-pijr
= 5.20 B.Bs.U/hr.
(o) Kafe normal heat flour, from the tot. marfaee. for confluofcloa
an^ ®®^®0tl©Sl 
t ® Q: ^  ^
where . q « m t  BorsmX heat floer from tot surf&oo for oouduotlon
and Qonveotiagu B®Th«U/hr«
Q s total heat issput to the tot plate
a 250 watts (T&fel© 16#. p* 130 }
a .860 B,Thell/ta» 
ttorofor© ' q" » 860 ~ 166 *» 5*20
m 608*00 B.Tb*T^hr*
{d) Co®ffi©i@2it of heat transfer by cqb&up tioa gad ooaveotlon .be twees 
Lot plat© suzraoe @m i tae nosr ©r. aax parallel
»■ i r c ^ ox w w
wtor© to a aTOmg© connective oonduetm&e to^t transfer 
' Qo©mo±a»fc. B*£h«^/ftisr*°F(
688® 00.ttorofor© h a .
■ m  ; ClSflfBeS - 65®
(©) Density of toGLk air stream at -tezsperature (t ) as affected
Let t a dry bulb iomp© or room t@3§3* °§*
tm @ average t@s^« ©f the bulk'of the air stream, %  ■
t? • average tenp« of the hot plats surf as® * °}?c
^  3 film t@B^a (t^ +'tm /2).,_
(Ha)ft a relative humidity of the air in-.the rooa at tesp.«’ (t£
fm s relative humidity of the bulk of air stream at t©iEg>® (
(Ps) » saturated, vapour pressure ©f the air at room Xb/eqpigi*
r
(P) SB partial vapour pressure of the air in the room® Ife/sq^ ifua
(Ps) 3 saturated vapour pressure at the moan tesip* of-'the bulk.
.of the air stream© Xfe/sq«isu
(P) . ® partial vapour pressure at the mean tesp* of the hulk of
the air stream* lfe/sqe&n0
^^a^dry* ^naity of dry air at the room tenperature lb/ou0ft«
P s . density of the air in the room as effected by humidity
and b&ro^tri© prssjsure Xb/eu»ft0
(J5 )- » density ©f -the bulk of the air stream at teisp.(t ) as
m ^  . affected fey humidity and b&remstri© pressure lb/cu«ft*
s density ©f the bulk of the air stream at fluid )
A ■ as affected by humidity and baroE&etrlQ pressure ’ Xfe/©h<vft*
Condition ©f i air in the room©
Dry bulb temp*. t « 64°?
Wet bulb temp* 9 55^*
. . (HHL * 0*56 (ref* 1?)€2»
£p L
Stoe (HH5a -.
and (Ps) at 64-% * 0®295 Ib/sq® in* (ref,
€s*
h©IM5Q 0«§6 a .
therefore (P)a a 0*165 lfe/sq«ln*
again, ’ (lli)m  is
««a (Ps) at 64.75°P ® 0,303 M/sq,!®.
<?),
gvaaB*wL _ .
>,295
(P)v ■ .'m
s .The 0&XX@nd&r Steam Tables, London, 1939®
therefore (l£3)m 3 0.303 53 0.545
( f„Xr  i„ a -- - ■ P»001293 -. frar. preag. , f
./m'dsy 1 + 0.00367 J t .  W ) 1 ls 15'
where (Hm'ctay is ©grossed in gn/c0c» ; the barosjsstii© pressure 
is expressed in mn^ Bg®  and t is expressed in °0»
th©P©fOr© ( ^  3 ss .   tt «JL§S>JiL,
Vm'dry 1 *  0*00367 2s 18*2 35 ?Sq
« 0o001215 gs/eu*om«
3 O0O760 ■ Xb/ou«ft«
Therefoy© 'volxuns ©f 1 lb* ©f dry air at 64a75°B* s 13*20 cu*ft«
m l u m  ©f sat® vapour per lb® of dry air at 64*75^?
s 0e2? ou«ft« (ref« 1‘
Therefore actual Yolvm of 1 lb» of the bulk of the air stream as 
affected by humidity and bar* press*.
3 13.20 * 0o5k5 x 0®2?
e 13o35 Otto ft'.
Therefore : P a
IB 13o350 
® 080747 I b / c U a f t *
(f) Density of the bulk of the air stream at the film tenper&ter® (t^) 
as affected by humidity and barometric pressure*
~1—ti—mwirw ifn'if i»M«>m-»mwirn irgn i i> r  iuTnrrMi~i >—in in *iri mi nr<nrrirrr1nn»iit~rn mri ■rnunnMii.au nm»i i r r r ii n >i innam* nfnUn Wn
Yolnm of 1 lb* of air as affected by humidity and barometri© 
pressure at fluid temp®
a 13*35 2S (191*6
(64*75 * 460)
s 16*6 .ouaft*
Therefor© ft = 1/16.6
a  0 .0 6 0 3  I b / o U s f t ,
where s» mean T©l©oifej of tfe© bulk of t'm air stream* ft/soo*
vi» 3 mam, volooltj head of the bulk of the air stream* mm* Erfi
Therefor® ¥m %&3
« 23® 3 ft/seo*
(h) Dimim® lonla as IfesSbers*'  — WinSeSnci I I >i 11 i »«l)||||| 'MMa Jia
Tho calculation ©f the dixnonslonless numbers should b© carried
out in two steps*
lo X)im@nsloBlesB iMhors at tens,, (t )m
2* BirsesmionXess numbers at tenpo (t^)
•The synljols us©& in th© f ©3,lowing ©alsul&fcions &r© ;
Tsransr©r \m'qt xaxsis nearer; ivrnoUtrv nr*2^,
f ss density of tfee bulk of air stream as effooted by 
humidity end pressure, lb/cu*ft*.
for tosporature tffi 
A  for tonpexaturo g»
K ■ fehsml coBduoti^ity ©f air* B® Th*U„/ft®fer® °F«
i
A ,  for temperature t
for t©s|>©ratur©
*5?,^ ‘'"3
s' absolute viscosity of air5 lb/ft©fere 
yfl for temperature
for tea^eratnre
CL a spooifio heat at constant pressure* B«Th®tyro<1,0Fa
Jr
Gpw for tespgrature tsi m
Qp£ for tesper&ture t^
<*■ ss sm©s velocity, Xb/sq,«ft®,
G for tesperatuKe
. G^ for temperature
kgt s the.'unhsated hyibrodymiBic starting length is ft®
s tiio thern&lj that is, heated length in ft®
hot 3 h t  * Lth (0sa
^m/1* SI.= . Reynolds nus&ez* » ~
Vm K f X
M,
¥m 25 * Lth
;haf
/ f
hm 36 L<"hHu a Husselt nushe? a
h 2S L,
th,m
{?? th,f
§3,
Rr s xrasdtX''nsas&ex*' © 2b£- * Gb72# mid this v®h?&
K
is'oohstiE^ t''and'equals’ 0,72 for the jrango of- tegspamture 
0 to 900°F* (see *zef« 6 p«194)^ which ©overs the range
of the pro sent @sp r^iia@Bt3®
F© s ■ Bsellet nun&er ' » ' E© s FJ?«
* <»*>
St a Stanton » llg2E
.. G
(St) for te^erature (ta)
(St)^  for teiispar&turs (t^ )
(i) Diissnsionlesa mopbers at temperature (t )HI
»• 2S®5 as-'0,0747 x 3&00 
s 6800 . a i /b r . f t 2,
8^  ■" 0,0147 B.'&.tT/lis-.ft2
Gpm s 0,240 B,Ss,U/lb,SF„ (e®® Ba?,6 p,134) 
/ ^ a ~ *  Xh*/ft.hr*
a- 0*240 x 0*0440 / 0,0147
■ «  0.720
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1) . Average Ooswsotiw Ifeat Transfer Omff ieient #
Th® results of cfiloul&tlans tor the average ' oonwsetive boat 
transfer coefficient haw heen susnssazdsod in Tables 2 J S 2 8  m i d  29®
Fig* 19. shows the forced ocmveotion heat transfer oorrel&tion,-
' ‘based on average convootiw heat transfer coefficient (h ) and on the 
mean of the hulk of the air stream velocity (Y^)* A linear relation - 
can. ho seen for velocities vtp to 16 ft«/seo».
The solid line in Fig® 19 tms represented by the,' f ollowing 
egressions t
a) for mean hulk of air stream wloci'■ -— -T^TTw>T.'.^^..^-|,||| , .  -,- in .III—  II I. I I. .I -    - nM ii»rt- '- in»»M-mia-Vrn-nii m-nr.ViM
Th© writer suggests that Equations t -=> YI and 2 « U  can h© used for 
short plates* . ■ ■ . ‘ v
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Gomoarisosi of tit® convection feat transfer, coefficient with1>|| r^T-T.r^»y^ y^^ »-TCt»--XT-TVr.KWV'.i-J l-g -L-T.y.T-TB
• Fig* £0 {Saunders (5) ehmm the results’ obtained by a number ©f 
e^eriismters who have measured the beat transferred to a stream of .air 
mofiug over a hot plate surface® Ekpsrisisnts do not appear to few© boon 
carried out, hourever^  ©a the lino® of systematic information available, 
as to the offset' of siaa upon the boat transfer par unit area* It was 
not feasible to correlate the limited data available la this ©as© fey 
sicalarity is^ tho&j ..the feat transfer coeffioient is therefore- ahown 
plotted against the stream velocity and the data obtained fey the writer 
was positioned on this fignre for general prelisdnery eojfparisoa®
She valitoa of the average. convective feat transfer coefficients for 
flow of air o’m r  a plat© surface obtained by' Siegel and Itekins {23) , 
wore also plotted in Fig® 21, which showed' a ©lose agreement with the 
solid line-'obtained by the writer®. This result was to b© ©3£paot©& and 
moh eos^arison was justified, because, the shape and dimensions of the 
tunnel working section, the arrangement: of the hot surface flush'With 
om  of the tunnel walls, and the ranges of temperature and velocity w@r® 
oiraiXar in both e^ qperimshts®
Moreover,- the length-of the hot .surface (10 in*} was the same in 
both oases.®.
Fig® 21 shows the comparison of the onrwo. M- &, for lim wrens , 
obtained by the writer, with the curve-1 B for the m m  relation obtained 
by togos® .'
This comparison was carried out' because Jorges' s investigation and the 
present work were similar- in general- arrangement ©f the apparatus, ©specially
as regards the position of the hot surface, which in both cases was flush with
Cl) <D
q£) -P
(D Ui
<
O  co co
til© tunnel working seetiofta -
M' &  result of that.ecai^ asrisoia, values of convective heat, 
transfer coeffieiont obtained by tha writer were found M#rar than 
those obtained bj Jtarges by an average value of 21J&*
On© of the reasons for these, lazier values obtained fey the writer 
will be discussed in the Xi$vb of Lat&ko* a theoretical equation^ from 
the point of view of the length of the hot plate surface* A further 
discussion from the point of view of the dimension of the tunnel end 
the inlet thermal effect will b© disoussed later*
The following "theoretical expression ms- given by. Xi&tskso (14): :
rfer s 0e035^ | — —•Cb •' | 3JJ
\
where ' h « sseaxi ©onveqtiv© heat transfer coeffioieat !
0 « specific heat at constant pressure*
« kinematic viscosity*
L «- length in direction of. flow*
II s velocity at the end- of the boundary layer*
Assuming in the present work that the writer had used-a;hot plat® 
srerfas©. having a length ©f 20 inches (as in Jurges9s ©:-cp©ris?snts) instead 
of the length .10' iuphea*
then let h . » coefficient of 'oonv* heat transfer for a hot surface having
a length 10/12 ft*
and hu » coefficient of bony* heat transfer for a hot lurfaa©-having 
a length 20/12 ft*.
Ifeiag Equation 5 ® substitute for a constant value of Ua ^  $ 
and 0 and asauadng L is counted ftaom the- @n& of the honeysQisb* 
thorofor© •.
' ss 1«068
B®m®9 as a result of laatsko5© theoretical expression* from, the point of 
view of the’ length, of the hot surfae©* the value of the convective heat 
transfer ooefficient for the present work (10 in« plat© length) was 
expected to give approx Jfo higher values than those obtained by Jurga© 
(20 in, plat© length*)
2) Dlfsensionless iUmljsis*
Jakob and Bow (11) and Burgos (12)* -in -their dliisnsion&X analysis'
correlation for the Kusselt a'sMser, based their 'calculation on the film
temperature* whereas the R@yn.oXd® -jxunber oalbulation was based on the
bulk air temperature.
On the other hand, Siegel.'and Hawkins (23) in their dixoensional
analysis correlation for the Hus sol t and the Reynolds nfts&ers, has® both
(Re) and (Hu) -on the film tosgwatur© (t^)
This chapter includes the writer® s study of the effect of assusasd
tessper&turea on the dimsnsiteiX analysis, g^ups*. and their/effect on the
*1
correlation constants and X-. in the Sep® (Xfti) « 0(R@) ._*»*. % ¥X
(s®o chapter I
IE'
Stash study also enabled the writer to e&sspd&s ;hia restiltg with that of 
other iawstigatora* . \ ■ ”
fli© data resulting from the tests on the first heater were correlated 
in m ® &  ways by using dia^nsionlass grains b&sed on different tmp&ratum 
assumptions 9 as shotm in Figs* 22 to 2$ i m »  Squat ions si so w©r© derived 
for ©soli correlation*
The results of eeloulations, physical: properties, and dimensional 
analysis 'based on the .mean temperature of the bulk ©f the air stream { 
haw been sunssasdaed.in fables 30, .31, and 32, and those based ©n the 
film tengw&tur© (t|») have been sumisarised in. fables 33 9 34 and \35o
i) Poreed. Sonwation Correlation based -,on Ifeeelt and Reynold*s $$mh®ri 
Fig® 22 shows, the forced oonwotion heat, transfer' eorreiation based 
on Musselt number (llu)^ ^  and Reynolds ntmijar (E©)^s, calculated era ‘ 
hot. surf see length (S*^) and the mean .i©s|>eratiare of the hulk ofdtb© air 
stream (t )«
M  oration representing the-correlation (Pig*22) for /Husselt .and for 
Reynold* s numbers. (for the range of Reynolds, .number between"-5 x 
2,9 s 10^) Is as follows s
figs 23 shows, the forced eoawotloi* heat transfer eorrol&tipj&.bat3@d 
on Bosselt hus&er m d  ©a the Rsyaolds number (R@)^ ^ ,;.:/©aloulat©d
.©a the length -of the hot sorfaqe -(&^) and the film t#i^ eratuw.;|;.t^ )»
in Iqus&ion. representing the correlation (Fig&23) tor Ifeis@lt, 
for Reynolds mmb&rn {forth© rangga of Reynolds jauatw between 5 & 
and 2*5 s 10^) is as follows .s
(Hm)th ® 0o2O£&2 C-^ ® )&•&-* . ^  *■** . «*■«■ 0 43 "VX
I?ig® ■ 24 shows fcte forced ©Qj&veotioa heat transfer correlation b 
©b fchs Haaselt miiisor (B&)^ ^  and ©a th@ Reynolds smS^or (R@)^ m $ 
©aX©nl&t®d on the length of the hot aurfaoe (L^)«
M  eqp&tion representing the correlation {Fig024j for' E^ioXds 
for Ruusselt msbers ( fo r  the range of Ro$n®Ida hasher,hetweexi $;:&•'10^  au* 
2®9 ss 10^5 Is  as follows': '
. 0«?28
th.f " 0^07^4 (R©)^ _ I *»<» 7 - vl
Fig® 25 ie a ©©sMnatioji of Figs® 22s 2} and, 24* to oftspars' the 
correlation for Husselt nushers and .Roynolda &usber$- esleiXLated at 
different te&per&ture assumptions® •' ,
An & result of this ocxiparlson, the following pah- b© deduced® ;
(a) Curves 22p 25 and 24 shov'd linear relation between the Sfusselt 
xmnher and the Reynolds nnssher, for v&luea of the latter muster
- L
gr©at@r than 5 ac 10
h
For Reynolds nuoher h&viisg values- lower than 5 s 10 9 the
linear relation, for (im) and (He) was not valid* and (in) inoreased
with the doorcase of - (Re)-« Th@ explanation. is that the turbulent
boundary layer 1& these ©tperifssnts begins at' Re’ ©gs&X to- about 
5 x 10^ a
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• It follows that/for'the values of Refolds number lower thm 5 x i
higher values of Kn b© du© to the effeot of free ©onveetion* sinoe 
the Grashof nmioer for average. expezdmmt&l conditions was around 3® 6 s
M
2
<p
(b) Assusdsig that Stoselt and Eejnolds numbers are calculated ©a the. 
surface length (l»^) sad .on the- -mean. tessperatur© of the bulk of the m is?
stream (t ), and that their correlation (fig*22) is the •'basis for ©os^arlson
21a
for the other two « © e  (Figs.* 23 Mid 24) based on the aas® ©orrel&tion 
but calculated at different teii^ oratur© assumptions* it was found -that the 
our?© of Fig* 23 gives about higher results-,. and the our?© of Figs 24 
giTOs about 12$ l&mv results*
(ii) Forged oonveetion.correlation based., on Kfaaar'-elt and Faplot Wnihegs 
• Fig® 26 shows the. forced oonveotlon boat transfer. borrolation 
based on Kusaolt number (lTu).v ^ and Poelot m u & e r  {TM)h, calculated
©n the hot surfao© length (X^) and the mean tes^ratur© of the bulk of
the air stream (t )*111
Mi equation, representing the correlation (Fig* .26). for Russelt 
for peolet nus&ers (for the range of Feolet •nuidaer betw n  3®5 22 i.0^
2 22 10^) is as follows :
■w m i/rw u M imi''j 'tit^ff«-yi>iSFii.girmain in 'w w dnra«
, 09
(NuL, S 0*1778 (£©)«,
& 27 shows the forced oonveotion heat transfer correlation based
©n Russelt number (Nfc)^ ^  and' on the Insist nustser (Fe)^ c&XetiXated
& $
on the length of the hot surface and .the film taisp-eratur® (t^)*
Mi ©equation representing tho correlation (Fig©27) for Nuaselt, and 
for Feol@t onfibere (for the range of Pselet nu&ber between 5a5 ac HO*
and 2 x ') a© follows ;
It
Piga 28 shows t'm forced convection heat transfer correlation baaed 
on the ltoa@Xt nujsb©r (ifu)., ~ -and the peolet nuH&er (BaL, , calculated 
©a the length of the hot surfm o  (L^)
'la equation. representing the correlation (Fig©28) for JJusselfc and
,  ' h
for Peolet auEjbers (for the range of Feclet nn&ber between 3»5 s--10' and
2 2s 105) is as follows
« »« VI
Figo 29 is a' combination of Figs© 25, 27 and 28 to eoaqpar© the 
correlation for Nusselt tuisbers and poclet miu&ors calculated at different 
tesg>eraturc &s8ui3£>tion&«
As a result of this cosparisosa, the following ©an ho deduced %
(a) Curves 26, 2? and 28 show a linear relation -between the Nusselt 
masher and the Peelet nus&er, for the value of the latter greater than 
3.5 i1(^, '
It follows that, for the values of Feolet nussifeer lower than
rsh
3oS> x iOr‘0 higher values of Hu m y  ho duo '.to the effect ©f free
convection,, since the Grashof ntmt>er for average e^exdinsntal condition
8
was around 3*6 % 10'
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(b) ' Assuming that EusseXt XfebSUtt numbers m ®  calculated'm
the hot. surface length (l»^) and ®& th® m& m t©i^ @ratiir© of ih® 
bulk ©f the air stream (t )3 mid that, their correlation* Fig.26. isJ8L'
the basis for ©©sfsarXson for. the other two oixr^ es in Figs® 2? and, 28* 
based ©n the seu&e correlation hut ©sXmaXatod at. different tes^sr&imr© 
aasiss^ tioas* it was found, that the curve of Fig. 2? gives about g$. 
Mghfr restiX-ta*. m d  the eiarre of Fig® 28 gives about 1^' I w r  rosnXtsa
GOMFjSHXSON.Qg T M  M S W H S  m W W B D  M  jgBB m i T M  W i m  '.TBPSS OBTAXMD 31
m & m o iis i m m r m m m *
Jakob and D©w3s (12) • esqprossioh for the correlation. of vt&e'Nusaelt
and the I&^bqXgm wjM j-qt was
OoB- X
s °»028 £H®)tot.a ( 1 ■+?**• £77’ ) ••« 11 "TO
tOt '. ■; ■
and,- assuming' that the starting length equalled sero, the ©hove equation
bco&iss Urn following expression ;
- ■ . 0«8-
;s> ^^toi^sa *#* *** 12 «YX
where the Husselt nuBber was calculated on the total length and;:fiisi 
tosfporatur©* and the Eojuolds iuxsiber w m  calculated m. the total/Ifetagth 
and on the. hulk of the air stream temperature* '
65*
0a the othey hand*- the witor has already correlated the following 
eguatlcm s
o»?as
© * <a .» © ® 7 « m
( %
th,® a Va 2 LfcSiand
To- reader this equation comparable to Equation 12 « Ti the. 
writer proceeded, as follow’s* In M s  ©^©rimsntSj L^' end w@r© 
measured from the end of the .h@E©ysoaife %
then , L t =? 14*^12 ft*
• .-; L th * 10^ 12 ft*
and . Ltot a ■ 2?h.VlS f t ,  - :
Iksr©for® B<p, 7 *° VX can he ,pufc in the following form *
' , - &«, ''. ■■'■0.728 iL., . \'Po=728
X a Oa07244-(HQ)^ 0^.tfrv
. tot: - °^ j** \Hot /":
<»»>**,*.■ •.0.09a* (b® ) ^ 5  *** *r; ^  = m
Bqixatlon-15 ^¥X in this woric can fee compared with the . lUgiafcion. - of'; Jakob© 
and Bow (see Equation 1 2  ~  V I )
Jakob and Bail1 p&lanl&ted the data of the ©sporimoBtal work obtained 
fey Jurges -and fey Bliaa*. using Equation 12**VI,- the result fceiag'.p; 
in fig© 50o
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F’igo- ..30 .s&ows th© forsed eoB.¥©cti,on heat transfer ©©2^§4ati©% based 
©a Iteielt ( K h ) * . t &  E®^b©X&s''iirai3.©r' (K®)**, b*. obtained'‘by
U&gj. ■„■;";
the witor as ©chared. .with the prmddui work carried out by EXias* 'Ji^ges 
©lid Mcoh. a M  Bs.Wa.
■ $ha results of the present; work show a^smisi&tely higher ■iralues
.■as aoH^ ared' with the results of. Jakdb and B0W#’
. f.reasois: f ®  imlmes cbtallied ih these. ex*parii^Bt&5\ as
' ©©spared, with .JelcoU and Dot are as follows i
1) ; ...la.^ akoh -abd Bow1 s: ©speidiseht^ {Chapter XI) the hot surface 
plat© was pXaoad in. fs&e .air, whilst .in the prment work the hot .surf&oe 
plat®; was. plaosd flush with ©m  of. thsf tmm&t .wedls,: thus th© flm in. 
the presant work was ‘bounded' fcy th© .fcmmel w&XXsr which proclue© a certain 
©jsrnrnt of ;turbul@meS; and th®.©ff®ct ,of turbulence isioreaees: the . : 
©oeffisiejat ©f e©nw@©tiw. heat transfer
2) ' fhe effect of the inlet. • thermal;.:©ff©ot ©h tts® diB'trihution of 
the fc@Bp©mtnr© of the hot surf's©© (0h&pter VXX): oanse©-. m  . inoreas® in 
the Hussoit•nusbor. of .about- Z ‘5 %
.Mmrnr&9 lix tk© Jakob: 'and Bow' expesd.m&its. the' outer :surfae@ of . theqsBafow3aB?»aai»iygw ■*■ ■ . if
.-cylinder'was: ©OBsMsred ae a plan©- surface*’. Jafesb lias mde-.a oorreotion 
for tbs curvature .of. the. surf&o^; .hut .still the • ©s^rd&mts .were not 
. carried, out;on ■.©feaoln&oXy.pXsn® ®v&£mp0. . ■
The-present work shows tb&fc': t&© wit@r:;-dbtain@d- about' 12$'
.higher w&Xnes'(Fig 50.) *■ for th®.forced bonsrao felon h@at. transfer oorr^aiXan 
based on the XfoisseXt. isniaher * and tfe© E^moMe imslber (B©)*., .- * - m
©©ipar@d wi.tli th©.'r@sults obtained,hy Jurg©sc ■ ■
to
present work Ptg« 23
300 350/SO 200too
REYNOLDS NUMBER /N  THOUSANDS (Re)fVl f
A FORCED CONVECTION H E A T  TR A N S FE R  CORRELATION  
BASED ON REYNOLDS AND N U SSELT N U M B E R S
Siegel/o
present work Pig.27
tso 200 2S0
PECLET NUMBER IN  THOUSANDS (Pe)th f
A FO RCED C O N V E C T IO N  H E A T  TR A N S FE R  C O R R ELA TIO N  
BASED O N  P E C L E T  A N D  N U S S E L T  N U M B E R S
Pig. 31 Conroarison with the results obtained by Siegel & Hawkins.
6?a
fix© ab@^3 disparity is .das partly to the inlet thersaal ©ffeob 
(as will b© ©tom In Chap tor YXX) and partly to the 1m
oonditioras of air flow in <9scpsrina@nts»
, Figc 31 shows the eoisparisQn between tlx© f oread oonveotion boat 
transfer correlation. based. on B&ssoXt mmhez* f Reynolds
nusBhor (R©)^ ^  * obtained by the writer and that of Blegel and Hawkinso- 
fix© result of ©©Bp&risoa shows a.close agroeia^ nt for both correlations 
at a valits of Reynolds muzber about 1*5 x 10 , There is a deviation ©f 
about ^ Tfo based ©ix the results ©f the writer for Mgher and Xoror .Reynolds 
musbers {i<j©0 for the rang© ©f Reynolds gusfcer between 10^ and 3©5 ^ 10^)
Constant -0 aj^'ISxponant x* of Equation for Tux&ulont
f  i;m H|iri-TTn-n~iTn i g>-rrirr  .
° 0 (H9) iffi
fnnnwn f.m fff .T&r.i
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C H A P T E R  ¥11
. Jakob ( 25) stated that air passing through the hoheyaosb' at the 
islet to the working motion is subjoot to a flow fluctuation perpendicular 
to the channel wall, which equalises the- axial velocity difference caused 
by the honeycomb® Suoh fluctuations increase the teat transfer® They 
assy bo damped out, however, on their way ■ downstream to'the leading, end of 
tli© -hot plat®® In tli® pr&mnt -experiments, the writer thinks that this 
effect has been .greatly iBinlmsed#
It Is sizqIi moT'® important3 however,' to .consider the purely inlet 
thermal effect at the leading ©dgo of the hot- plate® This has fe@©n 
studied by the witer in detail, as follows®
For different air TelooitiOs, and different teat inputs to the hot 
.surface, curves w@m plotted for the distribution, of te&iper&ture .versus 
the length of the hot plat® surface parallel to the flow, as shorn in 
Figs® 32 to 3$ ine* .Tables'5^,37 & 1'3 give temperature mines*
Tli© rang® of 'velocities wae 5 to 5® ft#- per second, the -range of 
maslsa plat® tesg&rature. being 15^° to 4$1^« '
A gradual Increase of the temperature- -proceeds from the leading ©nd 
of the plat© to a certain distance, then the temperature' remains- constant 
-to the end of the’ hot. surface®.
Comparing the temperature distribution curves (Figs© 32 to 3<t)» the 
following conclusions can b© drawn for all runs,. i#e*- for all ranges of v 
air velocity and teat input*
Fig, 38 A r r a n g e m e n t s  to m e a s u r e  air t e m p e r a t u r e  at
the b o u n d a r y  layer.
HOT SURFACE
It 2 3 4  5y y '/y y y? >//'/•/ 7~r
Kemark: In Figs. 39, 40, 41 (curves I to 9) show the air 
temperature at parallel horizontal layers 2,5t 
8,11,17,26,35,44, and 56 m/m respectively from 
the hot surface.
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1) All the temperature distribution surws for the hot surf a m
in the direction parallel to the air flow giw a slmHas*
. ghaps*
2) Tosgsomtur© increases gradually from leading edge ©f the plate
for © distance .of nearly ?•§■ in*y then the' tenperatur©.
distribution ras®& constant all over %h® d m m t m a m  length 
; .of the hot plate*
A. copper^ onstantan themocoupl® {26«gaug©) wag constructed, both 
copper and, ©©nstantan wires being inserted into separate glass pyrax 
tubes of %/\^ in* outer diameter* Than these'teo glass tubes, forming 
a theraKjoouple, were inserted into a eqpper tube 1/3 in® int@m©2 
di&ssafer® This wait w m  held in a sliding holder, fix©d ©a fee.;. top 
surface ©f fee tunnel working section and could sl5.de heria6nt&liy« ■
One couplete turn of the wfi©@2 ©f fee holder mov&d th@ tk@rmmmzpl® in 
a vertical direction 1*5 's/is*- i
. Thr©@ experiments wer© carried out to investigate the fes^ratur© 
distribution at the different layers of fee -air flow® • For a given air 
velocity and a given heat iuput to the hot plat®, fee steady condition 
was reached® Then fee festp^ r&fere m s  sas«£l £by 'the 'specially; 
constructed thesiooeoug&e previously described), at Bins parallel 'horisontel 
layers, 2, 5# 8, 11:, 17, 26, 35» 44, S& a/m* respectively from th©,:h©t 
.■ ©urfa©@» For each layer fee tciporatur© was nsasurad at six: points along 
the longitudinal axis ©f fee hot surface, as fecsm in Fig*, 5%
The results of fe®@© issasuroH^nts , arc given in Fig©® 33 § 40, 41 which 
: ©how the t@s|^ rat\ar© distribution in fee layers .of air moving parallel to
the hot surface. .
The follow ing observations arise from these result© ~
1) The teisper&feur© of the layers of air approaching the leading 
end of the hot surface Imreasosi from the hulk air temperature 
(at the leading ©&g® of the hot plate) to a isaxiQBa&'&t a distance 
©f .nearly ?i in® from that point ©long the hot plats® At that 
point the tesperatim'raioains constant along the remaining length 
of the plat® on the dmnstr&sm*
2) The behaviour of the tesperature distribution in the. layers of 
air parallel to the hot. surface is exactly similar to that. of the 
t@s§34r&tur© distribution of the hot surface* Similarly, initial 
dist&no© of about 7jin9 before the- tesperature .remained'-constant 
was the sam® for both hot surface and for layers of air near to it, 
independent of the condition of the air flow or amount ofvthe'-'input 
to tli® hot surface®
3) Th® temperature of the- layers of the air steadily dropped from 
an -amount ©quel to the hot surface tssperature at the surface- of the 
hot plat© to 'the bulk air teizgpsr&ture,. at a distaste 8 e/® (5/1^ in#) 
from the hot surface, after which this t©sp@ratur© remained .unif© m  
and equal to the hulk air temperature,■-regardless ©f distance#
V) By' ooibination of the previous observations for fee
tesperature distribution of the hot surface and that of air 
at both laminar and turbulent layers* .it was found that the 
difference between' the hot surface toEperatur© and air 
tes^eratur® (t « t^ ) was a minimum at the leading edge of 
the hot surface and began to increase rapidly on the way 
downstream along fee length of the hot mrfao© to ?i in* from 
the leading ©dge ©f the hot surface, when it begpa to be \ 
nearly constant*
Befersdng to the Equation of heat transfer
hi 3 toiOTMnni— n •.
“ TIT ~ T Jw • a'
there will he a definite B&xlmttm-local eoefficient of he&t transfer at 
the hot surf as© leading edge, then it. will deoraas® rapidly to a 
a t a distance of li ln«. from- the leading edge, tk@n the co@ffi©i@nt ©f 
heat transfer will he'oonstant for the remailer of -fee'hot plate,
(assuming a uniform normal heat floe at the port of the hot surface having 
eonstant temperature)*
A speoial heater was therefore constructed to study the local'-: heat 
transfer, and the effeot ©f inlet thermal effect upon it*
As it was previously proved ©sqaer iwsentally that the. inlet thermal 
effeot has an influence on a dafinit© length (Tl in®) of the hot '^ surfas© 
measured from fee leading edge, the writer- feels that this d@fipit?@ length 
of the hot surfaoa (L^):P would b© constant for longer plates®
There follows here a study of the different factors affecting the 
temperature distribution’ for the constant part ©f the hot surface at *
npste?®aa* as a result of the islet therraal effect*.
Tam following nominations will 'fee used in eubsequont figures and 
tables t
• mm.® tesgierature of the Mot plate surface
. a ««■ tezsperaturc of the hot surface# 
t m m m  teieperature of the hot surface#
t s air temperature at the inlet to the hot surface;,
^  e inoreas© ©f temperature*
3 length of hot surface before the te&^ e-rature.ofi: the
plate bogaa to'he constant in inches* ; ■
^th s total length of the hot surface in inches#
' following were plotted in Fig# 42 :
(t «=> t ) versus rise in teiqper&ture (A*.)-* ©aoh' of the' v@X@biti@s ■
■ ®  ■ ■■ *  ■ ■ -
5$- 10* 15* 20* 30* 40-and §0 f%/m&9 successively* Hi© values ©r© given
in fables 42 and 43 » A. linear relation m s  found heteeen (t. )■ v wo a
and' the rise in- t@i|3©ratur@ ( for a constant air velocity#
.Fig# 43 shows charts for constant values of rise in tengeretasre ( A^)* 
as. w@r@ ‘deduced from eurv@g in Fig#42*
As a conclusion Figs 32 to 45 ©r@ a G@spl@t@- study for the different
74*
factors aff@oti.fig .the’ temperature distribution for the constant part of
th© hot surface at .the upstream as a result of the inlet 'thexioal .effect*
For instance* it ©an he seen from Fig* 43 that th© air velocity required 
to produce a certain rise in temperature increases with th©
decrease of th© temperature {t^ ^ t& )
As a result of th© study of th© inlet thermal effect, th© write? 
submits the following reasons for the disparities in th© heat transfer 
results obtained by different investigators for a plane surface and flow 
of fluid*
1:) Distribution of temperature over the.hot surface*» ■ •■>■■ if in.    
The distribution of temperature over the hot plat© surface,'.'was 
a result of th© inlet thermal effect* The- mean ten^erature' of the hot 
surface mil depend on that distribution*
Th© writer lias assumed that the rise in tenperature will occur over 
a definite length (L^) at the upstream part of th© hot plate surface*
Th© ms an teiipsratur© depends therefor© on th© hot surface length*?
- For short plates (l»^ k©iHS not xmioh greater than \ )  *■ values for 
the mean teisperature would b© ejected to depend on values ©f the .length 
of the hot surface*
For long plates (L^ being much greater than %)* a- rise of ?.tes^ erature 
is followed by a constant fcesgjerafcure at a longer distance along /the down** 
stream part of the hot surface* It follows that th© mean teisperature will 
approach the maoism temperature of the hot sur-fao© (Be© Fig« 44)
2) Conduction of heat in the plate itself©
* n.mtn ULii-iH -• ■»«■*= Mwap-rm—
Tto rise of tenparatur© at the upstream part of the hot surface 
will definitely Is© accompanied by flow of heat ill the plat© itself, 10©*S 
there will be heat conductivity in the plat© parallel to tbs flow ©f air 
@tr@a® and-flowing in a reverse direction, as shown in Fig© 45#
For an average run 'of th© present erperis&nts, about £.5^ of the total 
amount ©f b®at supplied to th© hot plate was flowing through it by 
©©iiduotiona
So it wns. concluded that if tbs inlet thermal effeot was elisdnated
and the temperature ©f the.-plate surface was constant, the average values 
of coaveotlwe coefficient of he&t transfer would be decreased by j?*§ ef  ^
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Tfe first heater enabled the writer to study the 'me®. feeffioieafc. 
of convective feat transfer for short platos® Is a result of that 
study, the writer has demonstrated the .different factors which, condition 
the man coefficient of. CDBvrctiv© heat transfer for short plates and . 
which thereby led to different results of various investigators* ; ■
Tfe aim -of the author in. this- chapter was, then, to construct a 
second heater in such a way as to elimnate most of those factors- or at 
least so minimise them that a correlation of the results could he; obtained 
for long plates®
&Lthough it would have been ideal to cobstract the second heater with 
a long hot surface, it was impractical for two reasons s
1) From .-a practical point of view it is difficult to .apply....uniform-
feat to a long surf see* 'Fishenden dealt with this problem in her lecture
at Issperial College during a Heat Transfer 0©nf@r©nfe -in Septesfter 195®»
2) The length of the working section of the tunnel used in the. 
present experiments had a limit ©f 44 inofes®
' 3S B 25
A. ©econd heater'was constructed, identical with the first in fefe 
outside dimensions of the hot surface and frame, but differing in.internal 
construction# It-consists mainly of the following parts ?
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1) A "brass plat® 10 in® x 5 lla* x 0®155 in*» the surface area of 
this plat© s(0e348 s<£*ft.) being- oonsidered as the hot- surface area* 
Thirteen thermocouples w@ra embedded in grooves in the rear un&ergurface 
©f the bras® plate, the ©Ed of each thermocouple being fixed flush with 
the upper surface of the brass plate, following. the game system described 
in Chapter 111® These thermocouples were i?.s®d to register the tei^erature 
of' the hot surface at the thirteen positions shown in Fig® M>-»
2) Tim ‘ main electrical heater was constructed of ®is individual 
heaters,'each hairing the same width as the brass plate ( .§ isu), with 
lengths of 1 in*., 1 in®, 1%. in*, 2 in® and 5 in* .Bueoessiwely*
Saoh heater was constructed of a heating ©X©m&nt wire 32®g&ug© , wouiid
a mica sheet hairing the dimension of th© required heater® These six 
heating ®X@raits were placed between two nd©& -sheets (5 in»st 10 -in®) 
foming the. maim heater® Twelve. terminal end® war© fixed on. the under-* 
surface" of the .wooden frame; eaoh two tersdsi&l ends were connected to 
the .ends of ©aoh of the six boating elements,. so -electrical h@at input 
could be supplied separately to eaoh a m  of tmms The twelve tern&nal 
©nds could b® used to oonnsot the six heating elements in series .forming 
o m  heater,, similar to that of the first -heater proiriously described in 
Chapter III® .
©s® nain-'heater-was placed directly under the lower, surface. of the 
brass plat©.
3) The guard heater was constructed, of .three individual heating 
elements,' each having the m m  width as the tegs plat©,, but 3 in® length,, 
thoir construction being similar to that of the- main heater* . Thus the 
thrm heat lag elements, placed between'the -two mica -sheets- 5 X^w x.10 in®,
forasd tha guard heater* . Six terminal ends were fixed on the underaurfaoe 
of the wooden frame^ each two terazLnala b@ing connected to the two ends of 
each quo of the three heating elements, in that. electrical' heat
input could b© supplied separately to eaoh on© of the heating ®l®mnb®9 
Likewise the six terminal ends could be used to oonn&bt the ’ three heating 
elements in series, forming one guard heater similar to that, of the first 
heater previously described* ,;'
4) ■An asbestos sheet 10 in* x 5 i^ * x 14*. placed between 
the soain heater and guard heater,, four thermocouples being fixed " on the 
top surface' of the. asbestos sheet facing, the lower surface of the. Train 
heater* Mother four thermocouples. Wes’© fixed on the lower surface of 
the asbestos sheet opposite to the first four thermocouples and facing 
the upper surface of the guard ■ heater* The recording ternperaturea; of 
these thermocouplee were used, t© balance the heat flow from the lower 
surface of the main heater to the upper surface of the guard heater*
Thug, the guard heater prevented any flow of beat from tbs main heater i© 
the trmms thus the amount of the electrical heat input supplied to the
main .heater - would be totally transferred to the brass plate*
■ ■' *
5) Asbestos ebs-otg w©r© placed at 2 in* distance around the brass 
plat© and the heaters5 4 thermocouples w©r© placed m  this asbestos in 
the positions shown in Fig* 45 for estimating the- side losses from the 
brass plate* Asbestos sheets worn also plao©d to. cover the nndersusf ace- 
of the guard heater*
6) She brass plat©, min heater*, guard heater, and nsbestos' sheets 
were assembled and fixed to a wooden frame, forming a h@at@r unit having
73.
overall outer dimensions (16 in* % 11 in« x 2i in* ) similar to the first 
heater* Fig® k&' shows' general construction and details of the .seoond 
heater.
The second heater had the following advantages 2
(a) The temperature of the hot plate eoulcl b© snintained constant 
all over the entire hot surface for all naming conditions* ■;
Ob) As''a-.result of the square distribution. of the teB^erature; over 
the hot surface* there could he no conductivity* or heat flow* parallel 
to the hot surface*, and the total electrical heat input supplied to the 
"brass plat© would flow perpendicular to the hot surface*
(©).. H©at<=flow from sis parts of the hot surface could be xsa&sursd 
individually*, and the local coefficient of convective heat transfer along 
the length of -the hot surface could b© correlateds. At the' same'''time the 
offset of the'; inlet' thermal--effect (Chapter ¥11) on the values ©f.'.'the 
local coefficient of convective heat transfer was eliminated*
- Desorlotion of Aooaratus' ' "I *-**—»'■ 'Tf»i ffiuu—<<mifjinat^ j«
. Th© second heater was placed in the earns position as the first fe@at@r* 
with the hot plat© surface flush with -the lower horizontal wall of'-.the 
turnx©! worlcing section* and with the loading edge of the hot. surface at the 
same distance (14-i in*) from the inlet to the working section*
All other equdpzssnt and s&aauring instruments were arranged exactly 
'the same as previously described*
m
in
<n
■r <-
UJ
UJ UJ
CC 
UJ 
h  
<  
UJ
X
az
o
o
UJ 
in
CC
O
3
U
CC
u
<
u
u
UJ
-J
UJ
6
u.
I
of
Preliminary asTsngsioants were carried out to test the accuracy
of the results which ©onld be obtained by the' second heater9 and to oonpars 
these with those obtained by the first heater*
The ©las heating elements forming the main heater were connected isi 
series., the w®±n heater being thus converted into a single heating, elements 
The three heating elements forming the guard heater were also cosmeot^d in 
series, thus oonTOrting it'"into a eingl© heating, element* By this arrange­
ment the second heater was identical 1a function with the first heater®
Fig* 47 shows the electrical circuit for main heaters and guard 
heater*
The .twenty^fiY® fcherisocoupXeg attached to the heater and the'.fifteen' 
attached to the walls of the tunnel -working section, -mm connected to the 
selector switch, cold (Junction aisdp© tout loss ter set as shown in Fig* 13 a 
Three prelimin&xy -eaqperiisents' were carried out to test the 'accuracy of
■ the results obtained by the second .heater when cospared with the /.first*
The procedure of esqperis&snts and steps followed for running ..'the 
preliminary tests and recording the. reading® of measuring instruments were 
carried out ©ssaotly as previously described* The observations are, shown 
; in Table 41*
A
Figs 48 shows the temperature 'distribution -of the hot surf as® in the 
direction of the flow of air* The behaviour of these curves was. found to 
be wry similar to that obtained by the experiments carried out on., the ..first 
heater, bearing in Mnd that the tesperature distribution ouwe® obtained
■ from the first heater were' plotted from fiw points'along the-hot'-.surface, 
and that the second heater temperature distribution curves were'plotted from
o
thirteen points along the hot surf act© in a direction parallel to'the 
direction of tlm of air#
.Observation s Many h©X®s wore drilled, in the undersurfaoe of the. 
wooden frame of the second heater to permit heat to flow from the, lower 
surface of the guard heater to the asbestos placed at its rear, .and 
thenoe to the atmosphere^ This arrangement lessened the mxixasm losses 
from the side© of the brass plate to 0»0fg£« Huis* ia the ©as© of-the 
first heater* part , of the heat loss from the sides of the hot brass 
plate must hare been due -to heat tlm from 'the lower surfao© of the; 
guard heater to the asbestos' surrounding the brass plate®. The maxiimim 
loss from the side of the bras® plate of the first heater was found to be 
about 1 fa of the total heat input to the hot plate oonpared with Q0Q5fo for 
the s®Qond heater® , In tlm oalculatiehs .of the- seoond heater* therefore* 
sueh. loss will be ignored®
Mother soitohboard was constructed to supply .the- electrical power 
from the 110 &6o® mains separately to each ©f the six heating elements 
forming the main heater* and also to the guard heater® The switches 
were arranged in. such a way that the eleetrieal heat input to any of the 
heating elements could be -saasufed separately by a single wattmeter* 
without, interference with the power input supplied to the other .boating 
elements*
Figs 49 Illustrates the seitoiftbo&rd and ©11 tho .previously described 
©leotrioal equipment*
Th© procedure already described (Chap tor Ilf) m s  followed* to m  
tlm tunnol for a certain reqiudred ms&si air velocity*' .- El@otr±oaX heat 
input was then supplied separately -in approximately celenalated varying 
amounts suitable to the gig® of ©ash on® of the heating elements forming 
the main heater* and also to the guard heater#
Th© static pressure head corresponding to the required . Velocity 
h@ad was kept constant and checked ©wry 15 minutes* Th© outlet.air 
hulk temperature and wet and dry bulb were recorded ©wry " minutes*
Is the main ©bjoot of these experiments was to maintain a constant 
temperature of the hot surf a©©*, at the start of the essperimeht the 
oonp&ted. amount of eleotrloal poser heat input, to @&©h of'the. six'heating 
©1®slants forming the .main heater and that to -the guard h@ator was-recorded® 
The ©amaf# wag recorded for the thirteen thermocouples registering the hot 
surface t@sg»emfcur©,. for the eight tfoenooeo'^ plea placed between tlm -heater 
and guard heater* and then for the remaining thermocouples®
Every 15 minutes a trial mas carried out* 'varying the eleotrloal 
power input for the six heating elements. fomdug the. main heater'o 
Mother trial w m  also carried out. to adjust the amount of elMtrioal 
heat to ths guard.heater @© that.each of the. four therQooouples'placed 
untap the Xoror surface, of the ssain 'heater would register the' same @©m©f0 
as tli© ©pposlt© thsrmoQoeplo. placed © w  the upper surface of- the' .guard 
heater* This m s  don© to eliminate flow of heat from the main heater to 
the framp*
Those trials' w@r© r®p©atod ©wry. 15 minutes until the temperature of 
the hot surface hmam® constant and the- thermocouples bstw©©n heater and
Fig.49 A photograph of measuring instruments 
used for the second heater.
' ■ " a3*
guard heater registered the ©qutlibrXma condition*- Such condition was 
reached from 1-J t© 2 hours* when all th? above readings continued to h@ 
recorded ©mrj half m  hoar for two more hours, to ensure a etoadj heat 
ooadltioa® The time required for o m  consist® tost was froxa 4 to 5 hours* 
Tronty^tw© testa w  parried out for different values of mpn 
volosity of the air stream, electrical power input, and the tesspor&ture 
of the hot surfac©*
The observations for the experiments carried-out are- g i W B  in;
Tables 42 to 45.®
S M m E  OF GMJOULATICm -
The following is a sample of the calculation fox’* tost nissher.77 
(Table- 42), '"the data-'being receded after st@&% condition was obtained*
a) Local cceffioient of. ooaveotive heat.transfer
The hot plat©. surfae© was asswasd to h© composed of six separate 
parts, 1 $ 2, 3* ks 3 and 6* Bach part was &esus©& -to‘have th® sam® 
arrangement and sis© as the corresponding -heating elements placed under** 
nea.th* (s@© Fig® 46) It was assuiBsd that the heat flow p@r each''-.one of 
the above, parte was equal to the eleotrioal-heat input supplied to..'each 
heating element placed underneath® This assumption was based on i the - 
fact that the tois^ arature ©f the hot surface was kept constant ail-.over 
the plat©, therefore no heat was conducted parallel to the surface- ©f the 
plat© itself, and the flow of heat m s  always normal-to the surface*
84*
Electrical heat input to the part 1 ©f the- hot plat© to, therefore ? 
3 13 watts
a 44#7
Eadlatioa heat flow from the- part 1 ©f the hot plat©* 
s 3^42 B«Th*H*/hsv (m 9 page 33 )
Hat normal hs&t floer for convection and conduction
¥ 1 a Qi * %
s 44«7 0 3®42 
3 41 *28 B.Th«U/hr* .
Local coefficient of convaotive heat transfer from part 1 of the hot 
surface
&. * q*
ishero Jt, ■ eraa of the part; 1 of the hob mssfmo 0,0548 £fc‘
4/- 28
-= 13,85 B.Sh,B/ffc.hr.¥.
She ' m m  sssthod of calculation was followed to find the local 
connective heat transfer ©©efficients hg, h^* h^ and h^ for hot plat© 
surface parts, 2, 3$ 4, 5 6 respectively*
©1© result of the calculations for local ooaffiolent of convoctiv© 
heat transfer for test raster 1 is shown in th© following fable?
1 The parts forming the hot plat© surface
. mmohs 1s . 2  5 4' 5 6 .
Total heat input 
Q B*Th»U«/hr 44.7 41*26 44.7 41.26 48.2 .72,-2
Radiation heat flow 
(^>) B.Th.U./fer 3.42 3.42 , 5.13 5.13 6.84 /pits
J Surface teng> (t^)°F \ 144
Maan of the bulk 
. air stream ( O  /EV£r . 58.5 (
■ 2Surfas© area (A) ft \ i0.0348 0,0348.0,0522 0eO522 0.069.6 0*1044
h ®! - v^ ”
K  ~ T 7' w mr
13.85 12.7 8,86 8.10 6.95 6.5-4 I
Th® rcmalt of the calculations for the local epoffioie&t of 
convective hc&t transfer for all sms is. shown in Sable 46®. ■'. Figs, 50 
to 55 show” the local coefficient of convective heat transfer /Tarsus 
the length of the hot' surface parallel to the direction of air flop*
These curves ' show m m & M m  local coefficient of convective heat transfer 
at the leading edge of the hot surface 9 them its value decreases/ gradually 
for a distance, ©if about Gg in,., and at tills point it reaches sdnlsssai 
vain© and T © m ± m  nearly-constant for the ^minder of the hot surface© 
Ooi^aring the local coefficient of oonwetiv© heat transfer,.curves 
(Figs, 50 to 55) with those- ©f tesgperatuna distribution (Figs* 52-to'57) 
it is.oloar that they conform, to each other*
J&kob (11) as a remit of his experiiEsnts deduces a general formula 
for the local Husaelt motiher along thef hot surface*: ■ Tii® local Kusselt 
mmh®r at -the- end ©f the heating length m s  expressed by the following
equations s
(Hu)x ^ L a 0,819 0o{Ks)0 *8 ' fo r  La t / I . tot. '»  0.101 . . .  1 » VST
tot
and
(Hu)K *  Lt , * 0*905 Co(Ra)0 »8 for / L4ot = 0.0)6 ... 1 - V3K
' t©t
For mean value of L ^ the local Busselt xnx&er at-the end of
the heating length oan h© ©grossed as folios ,:
(Hu)„ _ T » 0.862 Co(R®)°“8 ... . . . .  3 = w r
t®t ■
In the earn© paper,, the average Xfusaelt misfber (Hu) # for the ..hot
©»<•
surface was expressed'by the following eqisatlona s
(»l)W t ..B 1,0007(!o(ll»)0 ‘8 for I.-at /  Ltot =. 0,101
(®»)aT. « 1*1005 Co(R®)0*8 for Lsf. /  L to{. . s 0,606
For mean v&ltiea of &  ^ 9 the average Buaselt number of the- hot
surface can fo© ©pressed as follows s
( ^ a v e r a ^  53 1*°5Q6 Co(B©)0'*® *•* »-«• . 4 <= W Z
Gospari.Bg Equation© 3 ” T O  and 4 *» V3SJ, the jftuaselt- zmuober at. '.the end 
of the hot surface is 16$>' lower than the average HusseXt ttan&ex*'
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transfer to iweas® by about* Sfo
SMg result was ejected. by the writer 'and th© ©sqsX&natlon has been 
discussed in detail in Chapter ¥11*
For long plates * it was submitted, that the mean temperature :of the 
plate- would b@ nearly constant ©XI over the plat© and the flow of .heat 
by conduction through the plate would he negligible in ©©2sparis©n with 
the total heat flow (Chapter YJX)
The mean ooeffioient of heat transfer (hss^ ) obtained by the’/'seoond - 
heater is proposed by the writer '.to b© used in the ©as® of long plates®
For the definition of the long plates 9 Scliaok{ 24) in. discussing 
the results ©f Jurges (12) stated « wXt seems best to use generally lower 
values than tho.s® given by Jurges for a oas©. of air flowing parallel to 
a wall and to sr&k© these values lower the greater the extent ©f the wall* 
Tli© estimated decrease w,j reach 40 per cent for a wall several feet is 
length”
The writer's definition for short and- long plates5 as the result of 
a study of the inlet thermal off eat,. is. that the short plat® mil he 
ooBsiderod as having a. length approximating to the length L<j 
and the long plat© as having a moh greater length thanLX (see Pig©44)
(o) Dimensional, analysis » '
The data resulting from the tests on the ®eaon& h©at@r wero. correlated 
in different, ways by using dimanaiosileos groups based on different 
tesgrerature assumptions, as shorn in Figs-56 to 65 ino* Sq^ations were 
also derived for ©mh correlation*.
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oaleuXatioa of dili&i&igi&ess EWtshers should bs carried out .la 
two ' steps
1) 'Xftmenslohleas ausbers'at temp* (t )Si
i i )  Blmsn&icBaOLsss mu&hers at tssp* ( t^ )
' The. sam steps Uere followed as pr©¥iou@Xy deaoplbed In  Chapter V,
and tbs average qohvsQtlve h»at transfer- (h^) previously obtained by the 
first h<g&t©r» • •
1) BliaaaaloMleas mmh®r® at terop* (tm)«
■ Symbol® used la the following correlation ora s
tshsre 4 a ma n  tecp« of tbs bulk of the air ®tr©an
s K  * 7 2a ©
V S3 v®X©o±ty of the bulk of th© air ft/e@o®
ldn®mtia vXesosXty of the air' at' tesp*'(t ) ft /hr,
^th 3 thermal length s 10/12 ft*
Erandtl msiior s (Er)m s » 0*700
’w M m  G p  *  sp@oifi© heat of-air'at. teiap*(t )
&£» sol
/I m s' vigoosity of air at (t^) - Xfc«/f t«hr»
theraaal conductivity of air at -teu© (tm)
. ■' BJ&kV/ttihv.e IK
9 1*
Staasdlt'nuEohe? s (itaL, ® m
a,m K
a
(It ) * ass® <?oeffi©i©nt oonveetiv^ heat fcrsaiisfar oo®fflol®&$ 
’ ® . obtai&sd by th» s@aoM heater {nm T&bX® 47)
proposed by £ha writer for long plat©®.
(h )
Stanton, nsmlser a (St)_ ~ .«^JiL»
m Op ©VAV  a
whor© 0 » mss volooity of air at temp. ( t ffl) .
■ Va *3ft» */,
&
(J)a - (st)f < » /
2y
(*®l) / CpmV'm'j 3
fable 46 glvas the valuta of physical constants, .find disaaeiopleas
m i n o r s  oaloul&ted on the. m e n  t®M$©r®tvx® ©f the hwlk of ths air stream 
(tm) aa& th@™& length (h^)
(li) Dlmo&gloBle ss isaii^ora at toiap« (t^)
Sysijol® used la tho following o©rr®X&£l©n a m  %
R^eynolds number a ^
¥ to 3§ L f. x  s ® ; th
where ■ s film tonporature s
V ■ • » mas velocity of the M L k  ©f th© air stream ftfmm< 
m
» IdmmLbXo Tlscoeity of th® air at temp (t^) ft. /hr* 
f^ch s ~ 10/12 fto

93*
Foroed oonveoticm correlation baaed, on $tesj@Xt an& HemoXds
Fig* 58 shows tli®. forced ©onveotion heat transfer correlation 
based on. the Huaselt nwsb&r (l^^ernd the Ee^noX&s m®b©r (K®)^ m 
o&leul&ted on the hot surface length (L^) and the nean tenperatnre 
©f the bulk.of the air stream ( O o' Hr
in equation representing the -correlation (Fig»5S) for Nusselt 
l®jB©Xds nmbers (for 1
2.8 x 105) Is as follows- t
h*
for Ray ol&a m fcera the isage of the latter twtereea 2.4, 36 10” and
O.kbg'
<KaW  - 0.3388 (Ee)th $-HZT .
Fig© 59 ishows the forced convection. heat transfer eorraX&tion based 
oxl the ItoseXt rmaber (llu)^ ^  and the Reynolds number (E©)^ ^  
calculated on the-hot. surface- length (X^) and' the film t©HS3@r&ture (t^)4 
An equation r@pr@s©ntiiig the' correlation (Fig*59) for B^ sfit.;: and 
for Reynolds numbers (for the range of .the latter between 2*0 b '10 and 
2*5 sc 10?) is as follows :
0*58? , _ _
( * W  * °.M66 (s8)ehjf i --- ■**.- ■
Fig* 6g  shows, the forced convection heat transfer oosTeiatioh.hased 
©a the .ftusselt assuror (Hu)^ ^ and the Reynolds nns&er (E®)^ 
calculated ©n the length of the hot surface (h^)
An equation representing the correlation (Fig®6Q) for Jtaselt) and
■  ^ ■ v  N . a
for Reynolds nuo&ers (for the range of the latter between 2*4 x'lO.f and 
2® 7 x io5) is as follows ;
—nrnm wtTitTi iin iiir^ ii t>
<IfeW  s ° * ® »  (h«4 65 ' 7 - 2 a r>» I
•*a fM-
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Fig® 6l is a ooj&rtnatioci/of Figs® SB* 53 and 60 t© ©ospara th© 
correlation. for HUsaelt nnnfcore and Eo^molds nussfbers calculated at 
different temperature assu&gstiansa
As a result of this comparison it ©an b© deduood' that «
(a) ©ur%^© §Qf 59 end 6$ mh&M & linear, relation bobw^B,
the fiusselt mmo>®r and the mdbor, for ,th©
values of the latter b©tw@®n 2*0 x 10^ and 2®B 2? 10?
(b) mmnAng Slhaeelt and'Reynolds nughsrs'are calculated cm
th@ hot surface length (l»^) snd on the mean fc ©ispereitur©
. of the bulk ©? the ais* stream, (bm)., and that their ©orr@X“ 
atlon in Fig®SB la the basis for Qcnsgiarlaon for -the other, 
two ©un?®s* Figs® 53 'and 60 based .an'the same ©@rr©X&ti©f&
. but calculated at different tos^parsture aasun&tioasg it 
vrag found that the- c u a w * :-FigV'59r gives; about ^ h i g h e r  
results* and the .curve.*. Fig® 60* ■ g i w s  ©bout lower 
results.*
Foxued oonveotlon correlation based ©n Husselt. &&d l&clet' nusfcertiwun iTirn'im fBi»iiM*mii ■■iftnmwiiio./in -*.— iru      ■■ .  ^ . . . . . . . —n - ■«— 1 r — nrfi-nTrinrffnm'nn r r i  i njVrmimntni*  • H iwmijTiii'U)  
Fig® 62 shews''the' fers@d oonveotion boat transfer correlation; 
based on the Hhsselt'-mmber (Hu|^agd tfcs'Peolet mmher' ^
©aXouLatsd ©si the hot surface length'(L^) end'the &aan’ten&erature of 
the bulk of the air stream (t j* *• “v ■-. :’
An equation representing-'the oorrelatioi (Fig® 62) for ftusselt aai 
for Feolet nuofoers ■ for the rang© ©f -the latter between i08 x 10^ and 
2 x 10^ is'as follows z
63 tkm forced oom&ption heat transfer correlation
baaed on the Husaalfc niaibsr and. the Paolefe a w & e r  (Be)^ f
calculated <» the hot wafaoo length (i^) aafl & e filsB tew a t B ^  (fe •
to elation representing a s  correlation (Fig. 53) for Buaselt and 
for Baelet mubera for the rangs of th© latter between 1.4 k IO4 aad
1.8 s: 10 , is aa follows s .
0.583
0.537 (?©)
Fig. 54 shows the forced convection heat transfer correlation baasd 
on the teseit M ! * e r  ( H u ) ^ f and the Peclet na*er ( f © ) ^  calculate
Oja tli© length of th® hot surface (l,,, )A
' th'
to equation representing the correlation (Fig. 64) for Susselt, ana 
for Peolet nunbers for the range of the latter between 1.3 s 104 'eai
' K ' \;> :^
2 x 10-* is as follows • •
th„f
0«617
0*302 (Fa}.. . , A  ..th5m I  *6 * o«a lO *=» ^
Fig. 55 la a combination of Figs. 62, 63 64, to ooBfere the
correlation for Uhaaelfc mnbera end Peolet jKcshara ealoulatea. at different 
tei^r&ture assumptions©
As a result of this coHjparison it can gedused that*
(a) ewrros 62, 63 and 64 show a linear relation between the EUasalt 
nmsfeer aad.tha Feclat uusfcor, for the valtioa of the latter' 
throughout the esq^rinsenfcal range©
(h) assumug Jjuoaelt and PaoXctmaster® aro calculated on the hot
Burfacs© Xengtli (L^). snd on the mean ten^or&turo of the bulk of 
the air stream (t^), and that their correlation in Fig© 62 1® tlx© 
basis for comparison for the other two curve®,' Fig© 6$- and &t*, based 
oa tli© sans correlation, but calculated at different teoper&turo 
assumptions, It was found that the ©urw* Figs 63* glims about k»l% 
higher, results* and the curve * Fig© 64.. gives about 5*fP> lower results
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A F T B
AHALQGET W O O m  HSAT SRANEKB&. M D  FHXGTXOM
OoXbum (3) p^posed a ^noral msthod for correlation of foroed 
convection boat transfer data®
Tills eanslsts In plotting, against the Bo^mlds number,. a 
dimsnsionless’ group representing the ©ssporimantal measured data .from 
whioh film h@at transfer coefficients could be calculated,- n&m&j i
4  tm A
A
Cp0
or its equivalent
up-y-
aAmultiplied by Op M
whsr© h s film coefficient of h&at transfer babwoen fluid and
plat© gurfao©®. . Bs.TIia'U'etp*j»aceaaw»w«»m»»w»«ntaea
f t a ,
s? islet tsspemtur© of th® fluid °F
 ^%2 m outlet temperature of the fluid °F .
Aj. s mean tsn&erature differen&e between lii© fluid and Um.
. u® . plat© ■ surface jP. '
g
A K foe&t transfer area® ft
■ 2
5 ■•« orogs^ssotiomsl area of flow® ft
6 .S3 weight ¥©looitj^ i0©o the;weight of fluid flowing per
unit t:lm© and unit ©rogsa^ gsoQtiona! aroa®
ft*%, hr*
y!| s viscosity of the fluid/ A OclI^ O
Qp a Bp©o0 heat of the fluid (if gas is at constant pressure)
WWSBZoeortiteitotfara^
lb* °F
& s' ch&ractoris t ic linear distension*
The procedure of correlation has its basis in the Reynolds analogy^
but includes' a function of (fiEiL. ) to correct for the differences boteeeu
K
the temperature and velocity distribution^ which wae obtained from previous
correlations® Colburn* in bis correlation, found that the value -.of th®
exponent of th© {£E.4L» ) group would be from 0*7 to 0O.6* therefor© lie ©hone
K
the 0*66 or %  power because it was . more or less an average value* 
According to this modified analogy the ordinate given above is, 
under certain condition®, equal to one-half the friction factor, f, which 
©an be defined in terms of either the overall pressure drop or the 
frictional, resistance* as follows 2
t a * •  # * * a
where'
f\ P ss pressure drop (in weight units) unit, gross sectional are a* Ib/i
g ~ acceleration of 'gravity . ft/hr* hrfi
¥ sx average linear velocity-of th© fluid* ,ft/seo«
R .st frictional resistance (in force units) per unit surface area
( ib/sq* ft)( ft/hr.fer* )
1 A (Corresponding heat transfer factor (j) can be def inedj in terms of
either th© overall temperature change or the heat transfer coefficient*
as follows ;
2j. . d/\ ' %
Bader condition© 'where. the modified Reynolds analog holds* *7 is 
equal to ^  f 9 but under other conditions there is no ©quality between 
those. two factors and different $ysg>ols are therefor© okomn ■ to 
r©pres®nt them*.
Remarkable agreement between friction and heat transfer data in both 
th© viscous and turbulent regions is shown in Fig. 67&« in which the. lines ^ t»j»**a>STf»s«3irs»SKsR»rsasvi»«7V!»
represent friction results as correlated by Eopf and th© points, heat 
transfer data ©f Jurges* Elias* .and Fag©- and Falkaer* ^ v iV-.
Both th® heat transfer and friction data in the .tabulent region ©an
be expressed "by th© equation i
^  ' '*=0*2
s r  ( % ^ j  s ■= °«®s( y 4  .■ >“  ... 3 “ ix
0 ..
where L is th© length of the- plat© in th© direction of flow# ■
Relation 3 *= IX. can fee. put in the following general form s ■•<
/ h A  I0p<ttf3 H /  „ (bS \  2 - ,J? cn»?S3&«» 9 U e « iejiawW5fc»g 2 5  tw » « « a a  J S  6-2 J4asaa»es*asfi.J ' _ ^  ^  _ /(« g-jj d i \
|0&.J\K / <?' 1i ^  I •
The writer has derived experimentally certain values-., of. the constants 
: 0^ and 0gP. corresponding to present esp©ris®nt®l arrangements* i«e«i, th© 
flow is hounded by the walls of th® tunnel* and corresponding to different 
temperature assumptions selected from the- experimental data*,-
(i) ' First Heater - .
• V
Tkm Stanton .tsasS>er (ha/GGr) in th© following ©quafeion® lapsed ©n^h©
■ M
mean coefficient of heat transfer obtained essperiBssntally on^th® .first Bi
.0.02
8
>8O.u o Jurges, LH = 1.64 Ft j j+j
+ Elias, Lh = 1.64 Ft
b Fage and Faulkner; LH = 0.0109 to 0.0423 f t
ii
Q001
L h VcpPco
V-7 ' M
iq.§ {~Q T>&ta for gas flowing parallel to a single plane; solid curves are from
Golburn; note that hm i =  q/(A)(t, —  fM).
Turbulent region
" " " aft..' '
Wfr//
p | ( y ,  ^  Isothermal turbulent flow of fluid parallel to a surface
rrom .MoAdams
100,
heater and valms ara given in Tables 27 * 23 and 29, whilst' th© 
diiQeneioriless nuobera are'given la Tables 30 to 35® Tli© following 
Eqjoationa, 5 *» 33Cp 6 - EC,. 7 » IX, are proposed fey the writer for short 
plates®
Fig© 6? shows th© forced convection heat. transfer correlation based 
osi Refolds imsber sii th® J faster calculated on the hot’-surface- length 
(l*th) aa^ ^ 3  saaan tesperature ■©? the bulk of the air stream (ty)
An ©equation representing the correlation (Fig© 67) tor Reynolds 
msi&ers mid the 3 faster (for the rang© of Reynolds jnadfor between 7 x 1 
mid 2*8 s 10^) la as fellows %
® ®
/■S&ii)3 -: 0.126 ( h m  “'aft JLJw 8. I  «WSK»SBW
' I /*
Oe301|
«=» IX
Flga 68 shows the f©roed conveotion heat transfer correlation based ©;
Reynolds' nui^er and th© 3 factor calculated ©n the- hot 'surface
and ilie film teiqper&ture (t^)®
An equation representing the correlation (Fig® 68) f<r?'Reynold© msmmx*
7 . & .
and the J factor (for th® range of Reynolds znssfeer between-7;x. IQ^ '-and
2®^ g 10"^ ) is as foXlces";
2f.
a  wf o © $ ©
Fig® 69 shows the forced convection heat transfer eorrelation/ has* 
on Reynolds number and the J factor calculated. on the hot surface-.^ length
< W
101 O
An equation representing th© correlation (Fig* 69) for Reynolds
# _ _  /■,
number and th© J factor (for th® rang© of Reynolds raster between / ss 10'
S’and 2«8 ss 10 ) is as follows %
i
Pig« 70 Is a ooabination of Figs 6?* 68 and 69> to ©ompar© th©- 
correlation for Reynolds nmdber and the J factor calculated at different 
temperature assumptions* '
As a result of this comparison it. can he deduced that
(a) curves 67, 68 'and.' 69 show a linear relation for v&Xu@s of 
tli© Reynolds nusiher above 7 x 10^ 1
(b) assuming th®' Reynolds number, and th® J factor, are eaXoul&ted
■ on th© mean temperature of th© bulk of th® air stream* and Um 
their oorr@ls.tion in Fig® 67 is the basis for comparison for 
the other two curves 68 and 69, based on the same correlation 
but calculated at different temperatur© assumption®, then th© 
curve, Fig* -68, gives about higher results and th© curve, 
Fig® 6^, gives about 12$ higher results*
(ii) Second heater
The Stanton number (hm^ /QCr) in th© following equations is based on 
mean ©©efficient of heat transfer obtained experimentally on th© second
heater and values are given in Table 47, whilst the dimension!®®® musbera
\
ar© given in Tables 48 and 49*
The following equations 8 ra IS, 3 ^ IX3 10 - IX are proposed,by tito®
102*
mdter for long plates®.
Fig® 73 stew® tins' forced convection teat transfer oorrela'fcioga 
on R@3?n©X3a nutter and th© J factor oalouXated on th® hot surface length 
(l».., ) and the mam, tespar&tur© of the hulk ©f th© air stream (t )•5*4- " * . • *«.
An equation representing th© correlation (Fig« 73) for’Reynold a
• ■ f j jg
nuraber' and th® J factor (for th® mng© of Reynolds nuofoer between 2® 4 ss 10" 
e M  2*8 25 10^ ) is as follows s
2/ j  -  0.392
„  toi j opM]
fn 5m:_ . /Se£) 1 0 sei”  
» « < k  \ k /  °*j85\ ^
( J ) .  -  ■ ^ Z U a i385f ^ L 2  ] I . . .  . . .  ■ S-X3C
Fig® 74 shovel tli© foxoed eonTOotics*' teat transfer corr®lati©a 
©n Reynolds and the ■ J fac to r calculated on tbs hot mtrfa©© :i©ngth
( h t h )  and th© film  temperature (t^ )
An eqj^tion representing the oorrolation (Fig® 74) for Reynold© 
and fete .J. factor (for th© rang® of Reynolds nus^er h©tw@en '2' n Hc/4
2*7 as 10**) is as follo&a :
ft^ « ihn ? 4 \
: ^ £ eS \ & I ’ \ f l f l
Figa 75 shears th© forced convection teat 'transfer' ©©relation,
Reynolds mia&er and th© J factor calculated ©a the hot aurfsac.•Xegj^ th (l*^ ] 
An equation representing, th© correlation (Fig®75) for Reynolds 2 
and the' J  factor (for fcte rang© of Reynolds m mter between 2*4 r 1 © ^
2®7 sc 10*^ ) is as follows :
ioiiaeqa«»aR> woa*aaeotf»«a»T<
(j) s /QP/'N'^ . / Lth Sm > 10 - T'-iV  v  w-r *a»e»««ws«*MKXS#M*» g tw rwarjanaWMCT 8 r*9 S B f! tf” tt N «nra*rrtj=w£WstoBi*-a» W w
f ■ Op %  i K 1 °**'8 I u
• ■ • .1 - \ iii
Fig® ?6 1b a co^in&iion of Figs® 73* 74 and 75* to eosipar© th® 
correlation for Beynolds number tod the J factor calculated at" different 
temperature assumptions#
As a result of this comparison it was found -
(a) curves 73* 74 and 75 show a linear relation for all th© : 
©speriiseatal rang© of Reynolds numbers#
(b) assimting Reynolds number and th© J factor .are calculated on th® 
xmm teng>eratur© of th© hulk of th© air stream, and that their 
correlation in Fig® 73 is the basis for comparison for th© other 
two curves 74 and 75* based on th© same correlation but calculated 
at different tQsper&ture assumptions* than the curve, Fig* 74 
coincides with curve Fig* 73* whilst curve* Fig® .75* gives about 
Ifo higher r@su3.ts*.
Goamarison with work .carried out by previous investigators®
Results ©f correlation obtained by th© writer (Fig® 6?) proposed-for
short plates and those proposed for long plates (Fig#73 5 could be compared
with results obtained by Jurges* Elias and Colburn as shown in Fig® 71®
Again* results of correlation obtained by the writer proposed for
short plates (Fig®68) and those proposed for long plates (Fig#74) could be
\ *
compared with results obtained by Siegel and Hawkins as shown in Pig®72
if it , l !
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BATA FOE FLOW OF AIR 01® A ELANS SURFACE AS COMPARED WITH
flow m s x m  tubes, j m  reotai&ular oross e^ctioib0
A short revision of flow  in tubes -and rectangular oross^septi 
w ill  b© carried  out hefor© comparison is  ®fe t
1) Flow in  tubes % O  1 ^
Yten the Reynolds number is above 5100 (approidm teXy)* th© main {' 
etream flows in  turbulent motion (MaoAdams)* Th© work of many
investigators indicates that .the flow  conditions -for isothenaal of 
tuxbulent flow ■ resell© those shown diagr&mabioalXy in  Figs Th 
At' the w&H(0Q) th© - ve lo c ity  is soro* and very .near the w all (OA) .th© 
fluid is moving in Xamnar Motion* In  the b u ffe r lay er (AB)? motion 
may be e ith e r streamline or turbulent a t a given instant® in the son© 
(BO)? motion is  always turbulent*.
Assuming that the coefficient h of heat transfer by conduction and 
convection between solid and flu id  is  controlled by the; factors entering 
■th©.differential equations for both hydrodynamic and heat conduction* then 
dimensional analysis (MacAdame po 1^ 4) gives s '
ho „ a f m  0pM\ 
I (T  * ~ * w
•where 'the functions relating the first group with each of th© other
two are to he determined exporiraont&lly* Equation 1 - X. is dimsnsiomlXy . 
. \ '
sound* and if each of the. five factors assumed to affect h were actually 
involved and no other factor® were of importance for clean pipes*, the above
1Q5.
Equation could be accepted without hesitation,
Equation 1 - X could be put in the form s
to -O
M  / Gio
t-.., r . m h «■ *?i£2ks»tir,crHa«
B. v I'M I Is K ,
A number of workers have attested' to correlate the value of the
exponents n .and p for .Various fluids®:. Most of them have given a value
of 0*6 for th© ■ ©2spenent n and a value ranging from. 0*3 to 0*4 for exponent 
P. ■ ‘ ■ . ': ;.;U
MaoAd&ass recosgasnds as th© values of exponents s h. » 0*8 and p ss 0*4* 
and Equation 2 « X could' then take the. following form s .
0*8 0*4
!£• s 0®023 f BsSlA y Zi2lLdL\ • *■* 3 80 A
• ; %  :■ , o V / m  j K k ;/
Fig* 7 8 gives data of other observers for air in .'papes* She line
M  represents Equation 3 - X, which for Op/^/K e 0*74* ®.m be reduced to 
■  ^ 0*8 
|& :s Q.02/5& ] ... ... .%-X
i ■ *
Th© curve H8 in Fig, J8 . shows the relation predicted hj: the. .H©;rnoM.s
analogy (h/Cp.0- « .f/2) for air -and other gases having.Qp/4/JT.of ;'’,i)*74 b&£?
/ A  2 "
on the .values'of f s .0,049 / £~1 • •***' 1 5 - 1
\BCjJ
Since, for gases involved, Qp/*/K is approximately 0*74 i o m ‘/Could 
eliminate the viscosity term from Equation 3 •* X. by siibstitutisg :,
.0*74 B/0p, giving s
0*8M) 0*026 (1X3- Gp/K) JL.
which compares fairly closely with Misselta 1909 empirical equation for
ga*., *. * V 0.736
SB ® 0.0255 .SLSEj- ... ... ..7 -2
K \ K J
2) Flow in horizontal reetemil&r
"  crga£tgoci»toagg»''» rr ^ ^ y ^ u»yx*»»^x»:<tereHZTCtwtxg«»saG«»wag ioc5t»j5£S3»,c^»3^*^H=ra=a*iqra»*»tw>?««7,y*w»»?^ge"?ww?»
For turbulent flow, Fig* 78 shows X « hsdDe/K
plotted against Be G^ jl 9 with Be taken as four tiroes the hydraulio 
radius
. B© a 4 2 ®1p2 ' ;*« 8 «. %.
*6h ' b ^  ❖ Iog BrpTBg -‘ • '
Bin© M  represents Equation 3 °2 with D® replacing D,
For heating and cooling water in rectangular sections with aspect 
ratios ranging from 1 to 7*9 and for circular pipes as well, Coj?£ 
correlated his ©xtensiv© data by th® use of D@ , replacing D*
A mean line through the data has •& slope slightly more than 0»8 and 
is 20J& below Equation 3 ~ X at lower values of Bo G/fA « The; tea^rature
r © \  ■ ; * *?differences were snail (5 to 10 F) and results- for heating agreed with • 
those for cooling* Th® heat transfer data for the artificially, .roughened 
tube agreed with those for the susooth tubes, but the friction factor was 
as much as 20/S higher*
Th© data of Washington and M&rks{27)f©r heating air is ducts,■ 
consisted of compressed 'air being throttled and then passed through ©m  
of three horizontal ’ steam^ jaclee'ted* oopper^aXXcd ducts* all of/th© m m  
height and length but each having a different sis© of ..gap between-: th© side 
walls.
In order to include. entrance effects, as - in ©omroeroial equipment, no 
calming section was used, Th® abruptness of entrance, however*.Ams 
reduced, by us© of an entrance con®. Fig, 19 shows th© construction detail 
and assembly of apparatus* •
Eleven constantan .Idiermoeoupl© wires were ©bedded in grooves, their 
ends being soldered at the positions shewn in Fig* 80® The duct walls 
were w d  as the oopper element of: th© thesraocouples, and as a' result of 
this., the writer found that in the ©xperlmeats of Washington and Marks, 
the values of the ©*ra*f* of the thermocouples were not exact at the points 
required, but in all oases only mean e*m*f* was recorded*
Th® air flow was measured by a sharp edged ©storing orifice, pr@ee.ure 
taps on the inlet and outlet changers being connected to a .differential 
manometer*
Fig, 80 shows the tes^eratur© gradients along walls of 5 in-x in*
duct® • Although only two thermocouples were placed 11 in* apart. at the
upstream part of the .duct, these results have been confirmed by those
obtained by -the writer (Chapter VII)*
The data of y/ashlngton and Marks, wore -correlated by D©*. 1$hon Xte»G^ /
©xose&s 15*000, the data for all dusts check Equation 3 ~ X* ,At.-values
of Be*G^U less than 15*000, whale data for the widest duct check -Equation
3 «» X* those for the narrower ducts lie - substantially below it*'
Figs* 81 and 82 show the correlation of friction factor versus De«(^M
the results agreed well with the expected values within 2Cph
Susfeoary and conclusion for Washington- and. Marks correlation -was that
th© flow is fully turbulent if He exceeds 13*0-00, in which the data were
represented fairly well 'by ‘the Equations -s ■
-0*32
J a f/2 .» .0,007 + 0,065- I W M t )
0*8. * «--* ®*e 5 ° X.
and W / K  * 0*0203 (m/u ) ' v
Previous investigators have succeeded in correlating th© data ©f 
flow of air .and liquids in rectangular sections, replacing th©-, dimensions
of th® oros£'»section by th® 'hydraulic radius D@* In this way, a 
comparison is easily available with those. results of flow inside tubes.
The writer has already found that the coefficient of convective 
heat transfer from a plan® surfac© to a flow of air parallel to it is 
affected hj the length of the plat®,. ,
In this investigation, and in all similar eases vihere 'the- plat© 
formed a part of a rectangular cross section, the- coefficient of. convective 
heat transfer'would depend on th® aspect ratio, and on the dimensions of 
th® cross section,
3<ou&tion 4 “ X. could h® put in th® form i
To find.the values of th® constants and 0^ , corresponding1 to th®
es^drimntal data of the present work, th® writer proceeded, as .follows* 
Values of hm, Gm, and Kf in Station 10 were available from 
th® data of ©xp©rissssits carried out on the first heater.
10
In this research the plat® surface• forms‘ a part of'the,' 'tunnel' working
Th® eorr®spending hydraulic radius of the. tunnel is
1,33 ft.
Figs83 .'shows - the correlation of forced convection heat transfer based 
on Reynolds and Husselt numbers for flow over a- plane surf&o© considered
as' part of a tab© .having"a diameter equal to B@® Th© correlation
followed th© expression s
Equation. 11 ~a = X has the advantage that it Includes th© dimensions 
of the wall© suctounding' the plans surface, i*@» the boundary to the air
short plates*
Again* other values- of the constants 0  ^and Cg were deduced*
: corresponding. to the data of the. present work*' Y&Xuea of > /4 m snd 
in Equation 10 « X wore available from the data of 'experiiasjats carried 
/ out on- the second heater. In this, case* however* values of .(ha^ ) were 
taken as th© average_values of coefficient of convective heat transfer 
, obtained bj the second heater* (go© T&bl© 47) '; -
The calculated values of Nusselt number hm Be/Kf p and Beynolds 
nun&er I)@ G-jp/yM m are given in Table 50,
Fig® 84 shows the correlation of forced oonveotioh heat transfer 
based on Eejnolds mid Husselt nushers for flow over a plan® surface 
considered as part of a tube having a diameter equal to Do*' ; The- 
correlation followed th® expression :■
Th© writer reoo»?nds Elation 11 «b « X to b© used in the case of 
long plates,
flow. The writer recommends that this equation b© usod in the case of
la Siegel and Hawkins @xp@risasnts5 the- plane surface formed a part of
the tumiel working section walls.® The dimensions of. the tmmel cross-
section were 18 la® x 18 in®
its ©quix^ alent X>© » ^ ^
S 1,5ft.
Jakob correlated th© results of Siegel and Hawkins for average test 
conditions and deidmd' th& following expression s
0*8
h j -Q hj,7„ \
bk x 0.0362(-£-J* j - ... ... .12 - x:
*T V JU m •
In Siegel and Hawkins esperiissnts » 10/12 ft, and Da « 1*3 ft®
Thus Equation 12 - X could be presented,in a comparable' forra to
Station 10 - X as follows. :
. 0*8
h D©
- -  - fG
St O ^ G ^ O " ?  S •»»£>•«»•«■■■ j ».**■ « * *  1 3  ** X
K*1 /
Elation 13 0 I is a correlation of th© experimental results .obtained 
hj Siegel and Hawkins 9 and includes the dimensions ©f th® tunnel .working 
section* It can be'compared with Equations 11-a « X and 11«o •«=? X,-©f th© 
present work®
In Jnrges® s experiment th© plan® surface .formsd a part of the 
tunnel working section® The dimensions of the tunnel cross-section vmm 
23*6 in® x 9*8' i*u
its equivalent Be » rli
a 1*153 ft*
‘It was previously shown that the results of Jurges follows the 
expression s
0,775
^tofc.f . 0.0W2 14 - X.
775
OT ^tot ‘ . -..-rtfiflktot I
wuwju* ira<iau.ui-'c* im* JJJ K /  f t  v M ? "  tfT |  u iya- »
■ \ /  m I
whwe h o t  = Lst * H h
; a 1*02 * 1,64
:; x 2,66 ft.
and Be = .  1*155 ft®
Thus Equation 14 ~ X oould he presented in a comparable fom-to. 
Sanation 10 « 1 as follows *..
0,775 ' .
Be •, G- D q
s 0,0375 ««* . 15 ** X.
Kf —  ^
Equation 15 ^ X is h, oorrelation of th© experimental -results. obtained
by Jurgesj. and Includes th© dimensions of th© tunnel , workifig-ssotion® It
can be conpared with Equation 11-a « X, and 11«b. ■- X. of the present work.
Fig® 85 shows a plot of all Mies® previous equations as well as the
line BB recommended by KaMdams*
The result of this comparison is that the-data of Siegel.and Hawkins
' agree with that reooissnended by the writer for short plates within 15$, 
frQ
Li m  p f s recommended by MaeMaias gives values about AS/ lower than the- 
values, obtained'by Siegel and Hawkins, and 53/ lower than the values 
reoorsmen&ed by the-writer for short plates*.
Again th© data of Jurges agree- with that r@©osa»@n&@& by the .writer for
■* . \
long plates within 14$*
fvn
Lim  reooismandod by MB.GAd.mm gives values about 24$ lower 
than th® values obtained by Jbrgea*
For high values of Beynolda nuiriw* Equation. 11-b - X reooiRj&n&ed
by the writer for long plates is in good agreement with that of Jurgea*
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d Cpfi/k =  0.74; line B B  also represents the Prandtl analogy (Eq. 2) for rv of 0.3.
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Correlation of heat transfer coefficients of a flat 
plate with skin friction factor.
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Tli© uean ©©efficient 'of convective heat transfer from a flat surface 
to a flow ©f air in walX^bom&ed restriction m s  iBS&sured* The results 
were correlated fey iss&ns of dlj&sn&ionless groups, and equations were 
derived# -
Tli© diisaansionlees equations based on different teii^er&feur© assixspiieiis 
were derived, ' the results showing a variatio21 for different temperature 
assumptions*
Correlations advanced by previous investigators were compared with 
present results* The writer found that hi© results were in good, agreement 
with previous similar data (Siegel <£ Hawkins (23) in wallbounded flow* 
biit that with free' flow (Jakob & Bow (11), the writer* a ' results wax© 
slightly h i gh©r* ,
la Chapter ¥1, equations h a w  been derived for the m a n  coefficient 
of heat transfer and dissenaionless. correlation, and proposed as suitable 
for short plates*
Chapter ¥11 is an .investigation of temperature distribution over the 
hot surface in the direction parallel to the air flow, and 'also discusses 
the ttInl@t thermal effect”* Seasons' are sited feted for disparities in the' 
results obtained by previous investigators for heat transfer from a flat 
surface to a flow of air parallel to the surface*
A second heater was .constructed, and the local. coefficient, o f . oojxveotiv. 
heat transfer determined*.
Equations proposed, for m m  coefficient of heat transfer,- and 
diaasnsioM.es® correlations^ for long plates ©re given in Chapter '¥111.
Chapter XX e©nspria©s aa analogy between friction and heat transfer* 
MssensionXeas ao23?eX&tio»s are derived for different tessper&tur© 
as suisptions• Results were coisp&red with work done by previous
investigators* Equations were proposed as suitable for both abort and 
, lwig plate©#
For all previous correlations, dimensionless group© war© based .on 
the length of tlx© plate in the direction of air flow* In Chapter X, the 
plane surface was considered as a part of a tube having a diameter 
equivalent to D® ( 4 s hydraulics radius)® The dirasnsioaXess ©©rrsX&tiong 
ware derived o n  the basis of pe, and proposed equations ware submitted for 
short and long plates# A oosipsrisofi was "then m d ©  between the data for 
flow of. air o wr a plan© surface and that for flow in tubes and ..rectangular 
cross*g©otions«
Two sin&X&r data, were available (jurgag and Siegel &  Hawkins), and 
their results were calculated according to the t&sthod suggested fey the 
writer on the basis of the equivalent diais© ter corresponding to tlx© 
dissensions of ©ross^seotloas used* The data of Siegel & li^ tdris are in 
bios© agreement with tlx® writers suggested 'correlation for short plates, 
whilst that of Jiirges are in blog© agreessenfc with the writer9 s suggested 
correlation for long plate© for high values of Reynolds number#
f I B I  B  1
Observations
Ogllteatlca of Wlad fgga:©l
Btafter of ..•••.»»•»•*•«•»'•«»• 1
Static pressure head at position X, .(b^) 0,231 iiu EJI 
Dry-bulb tesipcr&tur© ''»«*••**••»•*««,«,e 5^*fipF 
.Wet 'bulb tes^er&ture * * , * * * # * * . * * . * . . * . 4  53*5^ 
Barometric pressure .•*»»««.»«*.«.«*«» 7 ^ 0 . 5 . ^  %
Position
of
'Pitot tube
FXaia# 1 Plane'IX ■ Plane XXI M>m© •!?. ,.
.Velocity head HgO
1 52*45 . 32712 32*25 32.37
2- 32.23 32,18 • 32*35 32.38-
3 32.00 52.18’ 32,29 .32437 -
4' 32.20 52.00. 32,00 ; 32.30
' 5 . 52*00 32*03 32.12 32*52:
6 ■ '3U92 52*05 32,23 32.32
■ 7 32,30 32.14 32,27 32.33
' 8 32&i 0 32.05 32*2? 32*53
9 32.40 32.14 32*20 32*22 ■
ID 32.23 32*22 32.30 . 32.35
11 >2*i0 32,17 32*50 ' 32.35- -
' 12 . 52® 10 32.10 32*26
13 . 32,00 32,1© 32.15 32*22
14 . 32*05 ■ '32.20 32, m 32,35 :
15 . , 32.25 32*12 32*1? . - 32,30 '
16 32,10 32.12 32*12 . 32*2% ■
Initial wlooity head ... ... 2S.52 k^ j
f A3  h S 2
■ ' Observations
Calibration of .Wind,, Tnm^l
of esqseriamfc ««**•««••*»««****-« ' 2
Static .pressure Iis&d'&i position X*- (%%£) 0.385 i»* %C) 
Dry telfe tesqper&ture i*». . **«* .««.M»*t4 59®5°F  
Wot bulb teaper&tiir* 92»0%
i
Barosastrio pressure  ....  7^0®0 %
Position  
ef ' 
B ito t tube
Bias© I B la is  11 .F law  III Plaao 1¥
' Telsaoity sias^ . «j4»
1 : 56.15 36.80 - 36.50 - 36,40
2 ■ 36.15-. •-36.20 36.35 36.40
3 36.05 36.03 36.33 36.40
4 3 6.00 36.00 36.30 36.20
5: 36. ao 36.00 3S.20 36.45'""
6 35.90 36,00 36.20 36.40
7 36.23 36,15 36.35 36.40 ' -
. :. 8 35.90 36.05 36.35 36.40
3: 36.15 36.30 36.55 36.20'
■ to '36.19 36.20 36.40 36.45
11 36.00 36.10 36.15 '56.40
18 ■ 36.02 - 36.07 36.05 36.30
15 ' 36.00 36.25 36.33 36.45 ■• ■
14 35.90 36.10 36.35 36.4a '
15 36.05 36.08. 36.25 '•36.30'
16 36.03 36,00 36.30 36.45
Initial',velocity bead •, ® «»« 2S« 68 w/m,
pbsflffga.feiong 
. Calibration of Wisid fimsml
.Bss^or ©f - e ^ r l m n t  $■ - ■ .
St&tie pressure Ii@ad at position X* (fop^) 0*265 in* 11^ 0 
Bi*j  ImlJb toz^orature * * *, *«••••«••**•» ■* ■ 60* O0F 
Wet InCU) toa^oreture •«*••*•*«««»*.#,*« 5£*5°i? 
Bavom»tr&o pressure .•*«*****•»•««»**«*'759*5 E»^ 3 %
-Position
,-of 
Fitot
M e m  1  j , Plan® II I Plano III I m a n s  If 
folooity Iiaad H^O
1 . 33*00 35* *0 33*20 33*35
2' . 33*15 . 33*20 33.20 ■ :- 33,35
3 32.90 33*25 . 33*25 53*40
A - 33*15 ' 33.00 33*10 ■■ • 33.35
. 5*" 53,20 33*15 .33*25- 33,30
6 53*05 33*15 ' 33*1-5 35*20
■IV- . 53*00 '33*10 53*13 . 53*35
8 32*85 53*00 35-* ^ 0 33,35
. 9 •. 33*00 ,33.20 ' 33.20 ' 53*40
■‘S O : .; , » ♦ »  . 33®?0. 33.35 . 33,45
11- 35* 20 ■ ■53* 20 . 33*20 33*30
1:2-. ■, ■ ~ ;55oOO . 33*00 33*00 35*50
15 53*10 ■ 33*15 33* 20 33*15
14 ■ 33*10 ■ 35*20 33,23 33*25
15
16
. 33*05 .o5*05 ; 33*10 33*00
33,05 ■ . 33*05 33*10 33*25
Initial relooity hood .26'® 68 fe/sa
11
T M 1 X» .1
Oalibratloa of W i M  fiiim©!
M J ® r  of osgarisaat ***,*«.«•*«•*-••••• 4.
prsasurd &©ad at position X* (bggg)'0*155 i*u I%0 
tssger&to© ' 60»5C¥
'C©K|Q2>3?6it?3X'© #«<««««» ♦*««»# **«a 3^ ”*?
Barosssatglo gr©ssns?o »♦«*.** * *.»*♦•.*•»« 759.5 Ji/ Hf?
23,93
©.95
30.00
30.00
3Q.0D
30,10
10,05
'#*93.
50.10
30,00
30,65
30,05
£Laa0- XT
of
Pitot tubo 33.^ iisssa jacfc
©.75
29*85
29*85
©•75
29.50
23*50
50.00
293 5
’r3>D
30*60
30,00
39.10 
30*00
30.00-
30.10
30*05
3 0 , 0 9
■13 © *80 29,85 • • m m  ■ 30,00
14 25,75. . ■ 29*95 - 30.00 - 30.05
15 29*75 29 . 80 - - 30*00 "30*05
t6 . 29*85 ©.85 30,05 • 30*03
ti*9<e^v*Piya»9CTiAtUH»ccfltoU^*iw«eatSEti<c*^<si«a»968e<ecssKcro^san£saM,^Msi65attWfi!«ie*S!r i»6sw*msa*$^Ez«««3seriaeee^«!ietow»<c»S2#ytt<»fl
26v&$ fifsCr
T  A  B h  B 5
■ Obssrpatloaag 
Oali&v&tloii. ©f Wiisi -ton®!
Wmrhev of ©sgsriamt «»..*««#*«*••«***« 5
Static? gsssssnre. ftsad a t position X# .(fcpg) 0*100 isi* Hg6 
Ds^r Mslb• tsa^er&tnps ««*»»»»«m»*»m»h 60«0°f
Wot fctslb toB^o3?at%r@ 5 2 . $ V  ..
Barossstrl© porossim «»««•****..«*•«»«« 759©0 ^  Ifg
Position
©f
Pi tat tit)©
aro»twfta«^ aggBiW»w^ *y»!anwttaw«*tffc3s»*asg'g»*ap*ciag>.tw ft W0&«aEXtta!4K&fc^*2iaBvM2SU»iat&Jt&3£r^l*»aM
Plan® IX I Plano XXX
!Lj<*af3CgcgaR^^T;'^ ^gCTftyj8ow«»^ /J4^ &^ ;rrjHSfl»ftgaMfr'ojBqto*i3<rEga»^^
*tn % 9
Plana I?
i- 23.00 29*00 ©.05 © .1 5
•a ■ ©.00 29.00 ©.05 ©.10
- «* ©.00 29.05 29.10 © e10
4* ©.90 © , 09. 29.HO- © *15
28.95 28,35 © .1 0  • ‘ 29,20
t &: 28.9 5 ■ ■28*95 29*05 ' 29.20
1 - ' ■ 28.95 23,00 29,05 29*20
■ 8 ■ ■•' • . or anfe*Ove 28.95 29.10 m*2®
9' s^Q OK 29,00 ©..'HO- • ■ ©oi5
‘to ’ ■ 33,9 5 ©..05 ■ 23,10
11 28,93 23*05 ©*10
12 28,90 ■ ©.05 29,05 2%i5
11 ■ 28 9^ 23*00 29,05 . 29*15
14 / 2 9 & 8 0 29*05 • ©*10 =■ ' 29.25
15 as as • 23.00 ©.10 , ©*15
16 29,00 . ©*05 ■ ©.-10 : ©*25
*f^waafVw»»4;5rL«s*s
Initial wl©oity hoad 1®6B
Calibration of Wind tb m m l
of sHp9ilsE3@nt « . * * * * . 6  
Static pra&ssar© bsad.at position X* (I%g) 0*045 in*- If|# 
"bstXl? toi^ouPatnx*1© *•*,$««»«•••«««« ».*.
Wot bulb tosgioratuTe #******»«*«**«***o 52*5°P . 
Barossatrio ps’ossusa 9*»r4t««t**«*««»«» 760o2 s/^ilg- -
.' Position PIano X ' HLass® IX. PXasao III KLan© X?
©&
Bitot tubd' - Velocity lioad EjO .
t ■ - 27*60 27e?3 ' 27*78 27*82
‘ '9:fs* 27.70 ' 27.15 27*78 27*82
3 27*73 2?*?5 2?e80 £7o82
4' .27*75 27*77 27*00 " 27*83 ■
: 5, 27,70 27*72 2?«ao 2?*80 ■
6k' 27*70 27.75 27.78 27*85
7 27,77 21.77 21,77 27*82
;..8 27*72 . 27,75 27*77 . 2?*80. '
9:. ■ .27*70. 27,75 ■ £7*7? 27*85
1.0 2?*?0 27*70 2?«80 27.82
if 2?tt?5 -27.70 27*82 27.85
t2 ZJajQ 27*75 27*80 - 27*10 ■ .
.13 21.15 27.75 27*80 f • 27*81
14 ■ 27.75 • 2?,80 27*83 -■ .27*84'.
15 .27.70 ■ 27*75 2?c83 • 27*65 ;
■ V 16 27,73 27,73 27*85 . 2?*83 '
t A B I» 1 7
ObgQrmfcioBs 
C@ll&£&ti$a ©f Wind filmedC»tt«aaraag<s&<w»aiKywi^ iiwgacMro^8i»)w>;«aaauica^£»^:'y.g<^iMftg^o»uwwy6a.<ai£0»:3g»
l l m i w .©f ©sspsris^at  .... ***** 7
St&ti© pressure Si@a$ at position x* (%&) 0*590 ia* H^O 
Dry bslb iesmeraiore «••*«•«..••«'•«••« 59 . 0 0 %
sB*efc ©uXb temperature . 52.50*5?
B aro^trio pT-OEfSur® «••««•*•*••*•*«•*» ?60«gj^ Eg
' Poeiticm 
of
Pitot tube
“S<M=«oga»^*afrrr*.ytffreEu>g.iq3re-gjM<»«3tqK>
I HL&r»® X
|......_____ __,_ .J- -
| Pl©a<5 XX .
_  ........... ......
a&ft® xii .Haas $$
¥©X©oity M a d  3^  HgO ■
~ T “ '. 40a ®5 .. .44.20 V U 2 5 41.10
2 41.00 . 41.00 41.05 41,20
3 40*85 . 40.80 41.05 41*20
' 4- . 40»?0 40.70 ‘ 40.75 40.95
■5. 40*70 40.60 40.70 m*m
■ 6 - 43*80 40*30 40.95 41*10
■7 40*75 40. 00 . 40.90 41.10
a .. 40*30 40.70 . 40.90 40.90 .
-9 '40.90 ' 40.90 41.00 ■4I.IO
• 10 40*35 40.75 40.80 .41.13
11 4^*65 40.75 40.80 41*00
12 ' 41 o0O 40.70 . 40.60 • 40.00.
’■'12. . 40o60 41*00 40.90 41.10
14 40*70 445*60 41.00 41*03 ' ,
15 40.40 . 40.70 . 40.80 40*75
16 40.40! 40*70 40.89 ■ 43*88.
lailtial ^©lee&ty M a d  **» 9«* 26* 2& 1^ 4
122*
f  A  B  X> 15 S  .
Ob sedat ion©
QaXibmtioii o f  Wind f w lWu^awlis»ga8CK^<oS^w«jag^xa»ai^ *«s»rttKt,i»CT8^Jiaafccs«sa^«'ca>i«afaa^n>^>»
f e t ^ r  o f  m s g a r l s m t  • « • » • « » * # • • • • • # • • »  8
St&feio prossura hssd at position %9. (1^) 0*485 isi* Hp.9 
Brj.bulb taiqporatuxe *••*«•»*.•*«*.»»*«*» 62*(ft?
WetbuXb teffiparafcux'® «•••»•••«••'»•««•»•. 34*5^' 
.Bamsotrio prssjm*® 761*5 ^4i
q^uey.?^s!»W<n«aaacw^'aiaja<tga«aft
Position
g<tt!CT^xvt»wrwrtK.rg.wiiru*icaivrt ■ .c
Plan© X j flSQQ XX (■ Pima© 111 { m a s s  rf
of
Pitot tml3>© V@Xopi.ty head HgQ
i " 38.00 38=20 38.50 38.65
. ' !2' 33=10 20 38.35 jk5.o0
3 . 38=10 38,15 38,25 . 38=45
V 38=10 38.15 33.30 38.45 -
5- 38=40 38=20 '38.20 38.30
.. 6 - 37=83 . 38.10 38.30 38.50 ■
? 57.75 38=20 '38.20' 38.50
. .8- 37=70 38.00 38.20 , 38,25
9- 30=40 38.20 38,20 38.25
iO 38=10 58.30 " 58.35 38.40
11 37.80 38=20 38.20 38.30
1.2 38=00 38=20 38.19 .38.30
• 13. : 38.60 3B=40 38.25 38.30
1% 38=10 . 38,30 38.40 38.40
15 30=60 38=30 38,25 58,40
-■ . 16 33=00 38=15 38,20 38,30
Initiel wlosity lisad o»» ® « <8 26.26 I|4s
123,
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Observations
Calibration of Wiad ftrnmX<g«wg»^ »aj^ faw^q»w^«tTO^y^sa^tfsgBnMngwsejaawc?<saa>ete‘*<a3sgir-ygj'g:tfrtM«»
lumbar of expa^ims&t **«*»*«**•»«»«•*«» 9
Sfc&fci® preggar© bead at posifcion X, -(frpg) 0o285 ;ia0 I%0
llc^ r liiSXo toj^pswtw® «»•»««««*«*•«»**»'.« 62o0 W
Wot bulb tss^jarat^r© «•*»***«»«*»«*««»» 5^o5°P
Baroaasfcria pressor© 761.5 ir^ Hg
Position
. ©f 
1 pi tot tub©
Plan© X Plena XX rn®m XIX, M m ®  X? ;
VbXobity h®s& $s/ U*fi
■ 1 '53,30 33,30 '33.35 33.40
a 33,35 '53*35 ■ 33*30 . . 33.42 •
- 5 ,. 33.00' ■53,20 33*30 33.40
1 4 33a 10 . 33,30 33.25 33*50' ■'
3' 33.00 . 53*20 53,30 ■ 33.35
6 ■'53.00 . 33.40 33,45 33.40
7 33.-ao 33.35 33.40' 33.40 ,
8 . 33,15. ■ 33,20 35,30 33.35
• . ST- ,'53*35 33.'30 ' 33,20 . . 33.35
' ID. 33,30 '53*50 33 * 3® '33.35'
| 11 • ■'35.25 33.30 33.35 53,25
"12 . 35.10 35.20 5 3 o ^  '■ . 33.20-■■■
: '13' • 33*20 33.25 33*23 • 33.37
I '. 14 !' 33.25 ■ ■33*35 ,'53,52 33.37
'15 33*00 33.15 B o  2S 33.'25'-;-
| .16 . 33,00 ■ 33,15 33.25 ., . 33.34
Xmltial ‘velocity hd&dL <*•<, .»»« 26© 26 s/m
12sh>
T A B L  S ' 10
Calibration of Wind fuaiial . ‘
lumber ©f ©ssp^risimt »•*»*<•»»»»•»**«•«. 10
Static pressure head at position X, (%^5 0,210 iia» %0
Bi j  bulb ts&parature •»«.««<#*««»>«»*»«• 62*Q°F
W©t. bulb tesg&r&ture • * *•»  ....  5k.$°g-
B$rosatrio pressure ,»«*«••••••*»••«*. 759«0 ^  Bg :'
Position ’ Plans I " f Plane IX " M a m  111 I xaane If f
n.'p' -. f . 8 § 1©2. 1 
pitot fash© ' ToXoaity head Ilgp
• 4 ■ 31*30 31*40- 31*45 31*60
'2 •' . 31 AO .- 31*45 51*45 31.50'
3 31*20 31 AO 51.45 3'1A5
4 31.20 .. 31*40 . . 31,40 31,50 -
’? 31*20 31*35 5i*m . 3'1*50 - '
6. 31.10 •'31.30 31.35 31*50
? 'Zti ^t <3 w 31*30 31.55 31.-50'©.5a/ -i 50.30 51*20 31*30 31*43 • '
. • 9 ' ' 31.30 >1.25 31*35 ■ 31.40'.
10 31*20 31.30 31.35 31.55
- - 11 ■- 31.20 31.30 51,35 ■:31.50
ii 31,25 31.35 ■ ' 31*30 ' 31*45 I
. ■ 1J 31*25 31*30 31*00 51*40-
' 14 • >1*25 " 31*30 . ' "51.35 .31*50
' - 15 31,00 • 51*10 ■ 31 *'25 31*35;
. , 16 31.15- 31,30 ' 31*30 31*457
Initial' v@Xositj head t«9 frfr » 26*26 ml
f a Biig n
Calibration ©f Wind guaai©X
l&ssbejp of • *..***«««**«**«••» 1-1
Statio pressure head at position X* 0%^) 0.050 in. 14$ 
Bs^f bulb tosporatura .*.•**.-*»««•.**■»»*. 62*O^F
Wet 'bulb to^ oratura • «••-••••»'«.•»**•*• 34*5°?
Barossetfio pressure »**•••*•«***♦**»«.» 759.0 ^  fife.
Position  
of ■
■Pitot tub©
1 Timm 1 ?X@B© XI' . Mmi® 111 • BLaa* IV  .
V elocity  b@®& m f ^  HgO
1 1: - 27.47 . £7.47 . 27.50 27,53 •
2 • 27*42 .27.47 27.50 27c§0
3 27,46 27*49 27.50 27.52
: a - . 27.46 . 27.50 27.52 .27.55
5 ■ 27,42 27*42 27«4S 27.52 .
6 27.38 27,42 27.48 ■ 27,47
7 2? .40 27-42 ■27.46. 27.47
8 27,42 27.46' 27.4? ■ 27*50
■'V .27*45 27.45 27*45 ' 27*50
10 27.50 ■ 27.45 27.45 27*55 ■
11 2?e40 2?*43 27*46 ' ■' 27,55
■ ia • 27,43 27,43 27,47 27.55
• id .27,45 *7.45 ' 27.46 : ■ 27*43 ‘
14 27.45 - 27.50 ■27*50 27.52
■ 15. . 27*42 27.45 ■27.50 2?*4F
1:6 2?c42 ■27.45 27*30 27,50 '■
Initial ' velocity head * o 260 26 s/* .a
U S  L B  AZ
flESSHSteSE
• Calibration of Wind
t$mb®r of Qxporfaant 11
Static. pressure hssd at posl&taA X* ( % & % }  0*010 in* 1%6 
Brj teperatiire 60,0%
Wet bulb fcesperatur© S3 *0°F
•7'^  :■*
Bwssstrio pressure •••«».«»•*••*,•»*» ?6le2. Eg
n^tgtgiaq^Mas%^ip^jetg^swaKgKamx^
Position 
of ■ 
Pltot tube -
Plsia I H.8S® II ‘Plan® III Plaits If
Velocity head 154, EjjO
1) • 26.42 26.45 26.46 . £6.47
. - a ■ ■25.42 26.44 25.45 26*47 -
.3 26.42 26.44 26.45 26.47
4 25.42 '.26.44' ■ 2S.45 : 26.4S -
5- 26.44. 26.44 26*44 •' 26*47 ' ’
■ 6- 26.45 26.44- 26.44 . £6.47
7 26.44 26*44 26.44 26.46 ••
. 8 26.42 26.42 26.44 26.46
’ 9 26.42 26.43 26.44 26.47.
' ID : 25.40 26.42 26.44 86.46'
■ : 1:1 ■ 25.40 25.42 26.44 26.46-
'12 ' 26.40 26*42 85.44 £6.46
"13 26.48 26.43 26.45 26.47.'
14 26.42 ■26.43- 86*45 26.47
' • '15 - 26.42 ’ 26.43 26*45 '26.47 :
16 £6.42. . 26.43 26.45 26.47
Initial veloolty head ' .«• *•• 2£028 e/
1T  A M  L .  B  n
O a lib s ? & ti® 3 3 . o f  W im t l
l l i a & a r  o f  a g g p a r i s n i i t  « * « • « * « « « * « * » • « « « »  1 3  •
S t a t i a . p r e s s u F ©  S ie a d  a t  p o s i t i o n  X ,  ( f c p ^ ) . O * 0 & ip  X & * E p O  
Xtey ImTh ••*»*•«•»«*«••»«»* 39®$°W
l @ t  'bull} t a s g ^ & t u r e  4*m .m .m #m *»«» • 53© o'V .
B  a r o m s t r i o  p i? @ s s i i ^  » « • » • • • • • * « . » » » • * . « •  7 5 9 ® 2  T%fm  B g
Position
; of 
Pi tot tiMw
isxaii&esaatt^fCVSBmvsaAvamc:
Velocity'lased i^ 4a -8$
Mbti^ »i93a(»U*Riai.'«a#*acaae^£«;^xs»«»Kiii^ <e«i«*se6»isaKRi
l w »  III Slow* vr
S
i , \ 26.82 25,88 26.90 26.92
'2 -. <j£L gm 26.88 26.90 . ??.< O *?tV Q 42 C'zx
3 ■ 26.82 86.90 ti&Pfi 26.92
k 26. S3 26.88 26.90 26.90
3 ■ - ■ 26.76 26.85 26.90 . 26,90
6 26.76 26.85 ■ 26.0? ' 26.90
1 26.78 26,83 26.87 26.92
■8 26.60 26.83 26.83 26.92'
■9- as.sa 26.83 26.90 ’ 26,92
10 . 26.81. 26.85 26.90 26.92
11 26.83 . as.90 26.90 £6,92
12 26.83 26.85 .86.90 26.52
US 26.86 26.90 26.90 26.93
14 ■26.63 26.90 26.92 26,94
15 . £6.83 26.90 26.92 26.34
1'S 26.85 26.90 26.92 . 26,94-
Z$a27 n/ffi:Initial, wlooity &@a& ««« * * *
it&foJL&Q 1' to 13
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HBSOLTS
f eremite® 3±atxibufe3.oa qtop fchg Mot plat;a mxi&oa
xespsratttE’®
33$$or3.
3&1Q*tv,
402*5
377*0
342,
35t*0
332.0
313.0
342,0;
2?C! K
23
2f>R
27 26%5. 274,0 . 2a, 5 ; ^0*0
28 ■ 239*0 246* 5 255,0 . 260,5
29 219*0. 222bQ 234,5 233*0
30 211,0 214.3 227© 5 233,0
31 199*3 202,0 214,3 220*0
32 • 190*0 191,0 203*3 20c$e-O
33 ’ ias8o 188,5 139,5 ■ 204*0
34 - 176,0 183*0 189o5
GC5A$ V«/
261*0
240^0
19W
151
IJlSJlS— JEL
- '• BBSlBf a • -
distr'jJfemtioii ©T@r t«!i@ h a t  isX&fe6
Hb« of
S3speri8®at
f®i ©^rairar© *~B4 ,
*x V % ‘ \
35 178.5' . ■ 181.5 192*0 197.5 198,0
36 172.5 173.0 ■ 163 eO 188*5 188,3
3? 166.5 169.0 178*0 184.0 184*0
' 38. . 164.0 1ib6.0 . r$%5 180,5 180*5
39 . 154.5 ■156*0 167,0 171,0 -171*0
' kO , 153.0 155*5 1®*0 170.0 170,5
.41 ; 150.5. 153.0 162,0 168.0 168,0
.42 146=5 149*0 157*5 ' 163.0 163.0
43 238.0 aw..o m s 258.0 258,0
44 834.0 239.8 245*0 250,5 250*5
45 . 247.5 253.5 £51*0 267.0 267.0
46 268.5 271.0 236*5 292.0 292,0
47 ' 296.8 K99.0 309,0 • 33.4,5 334*5
46 278.0 281.5 ■291,5' 294.0 294*0-
' 49 292.5 . 292.5 . 393*5 3«»0 311.0'
50 297.0 258.5 505*0 314.0 314.0
5* • 309.5 310*5 323,0' 325.0 32.5*0
52 3S9.0 370=5 : 384,0 ■ 388,0 388.0
53 360.0 362.5 ' 57^,5 378.5 378.5
54 . 255.0-' 236=5 ■ 247.5 sgo.s 253,51 * -249*5 - 250.5- S&U5 265,0 265*0
: w m m s
Stasmratuze diatribut.i©a o?er fc&a Mot plat® si^ fao©.
lo* of
SspsriigarAt
Seispsy&ttir© °f?m
: V  . % ___ A .1 : V  . '..
56 206*0- 008*0.. 215.5- 217*5 • 217.5
57 214.0 216,5 ■ m s 22340 229.5 ;
58 175.5 .175*0 184.0 185.0 186.0
59 ■272.0 280,0 295*0 301.0 303.9
. m 1.57© 0 157*5. 164.5 ' ■155.5 165.5-
61 351,0 .555,0 372*0. 578.5 . 377.5
62 311 ©0 ■■314.0 331.0 335.0 355.5
65 3 4 M  : ■352,5 371 ©5 380.5 382*0-
. 64 ' 181.5 . 1B5.0 . 192.5 197.0 193.0
65 ms: m s  . 2££03 270=0 -2S9.5
• 66 5X8,0 321,0 343*0 552*0' 352*5
6? 227*0 230.0 247.0 2S3.S 255*5
68 283,0- 290,5 310.0 320.0 ' 320.5
• 69 2f&5 ■262*0 281*0. 250.0 290.5
. 70 m o .253+0 m o 268.0 m > o
71. •173.0: 17 6.5 ,187*5 <m*o 1-94*0
72 129.5 ■ : 132,0 m o 145*0 W**o
75 141,5 m o . m o  • ■©S.S 156.0
.74 . 484*0.- m s m s 207.0 204,5
75 ItSOo© ■ 162.§ ' ms  ■ 171.5 171.0
76 $63*5 369.0 377*© 377.0 376.5
T A B U  39jinj jaw mag cum.m1 j i^thic.wix'^.b ■i vcnai
Results (First Heater)
Ty\\et i\\evw\^ \ effect
wtrtmtwi'i* uim1
| Awr&ge Tfa* I Amze^p |(tBr^ «(feiB)
«a»tfgirwiiMcrnft ■tfavA,)wat»*aHg3a3
At
Wo* |M,k air plat© I plat® bulk air (tel^ter!
of, ■ velocity t I . t@a^ tesap,.'
| V
■ :' 2 . 1
3h^b* \ (<*)a, (twL ^m V
j ft/ I V | 1
■■-■52 5*02 ■ 238*0";:-- - 565 ■ 72.9 315*1: 23,0
■:3b 5*10 250*5-:;-1 252 ■ 56*9 ■ 18.5
i-56 5.12 217*5: 204. §5*6 151*9 : 13.0
55 5.12 265.0 247 ' 65*7 199® 5 ' '18.0
■V>25' 5*12 320.2 305 65*8 ■ 254*4' 17.2
‘"26 5.43 565*5 ' 545 67.8 295*7 ■18.0 i
27 10*15 290*0 - 265 62.5 227*5■ : 25 .
M 10*15 377*5 a m  ■ 66o? 310.8 :■ 30*3
■=61 10.20 378*0 :.a 346 63*5 314.5 32oO
jB ■10*25 186.0. :•■ 172 58.5 * 127*5 ■■■:14*0
57 10*25 229.3 ; ■ 211 58*6 170*7 : 18.3
62 10*25 335®3 ■• 306 62*8 . 272*5 . ■ 29®3
‘60 15.05 165*5 154 59,6 105*9 ■11.5
59 15*03 300*5 - 269 60*1 240*4 ■ 31*5
63 15*20 381*2 :- 340 64.2 ' 317*0 ‘ 41 ©2
■28 15*20 260*7 236 63*7 ■ 191*0 24.7
17 15*20 342*0 308 63«Q 277*0 34*0

155.
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0h mi£*m%±omoewsswftcaixaiifcattBS
Ifarifar'of' test
Sscoad h®at@r c o r m a r e d  with first heater
99 jqsl m
Bat© wz/5i
@oBafa of tharssKso^as &tt&oh@d 
to the brass plate*
• . «bV.
1- 1.420 • ■1-.700 •1*220-
'2 1*530 1*735 . .. 1*240
3 1^520 1.739 • ■ -1.240
4' '1.559 1o759 1*260
5 1.570' .:. 1®790 1*289
6 1*610 . 1.840 1*295
7 % m o ■ 1.87b 1*384
a i:.&0 1*889 1.340-
' 9 ■ 1-.660 1.93)
'10 1.680. ■1.960- . '1.380
If 1*710 1.970 ' 1*389
12 1*720 •1,980, .1*385
13 1*710 1*970 ' 1®3S9
MoaB of 15 tliorrfioooi^ las attached
t©- til®' walls of tame! worlasg saotiosi*
■££&3fX
0*630 0*640. v 0&666
of
thgrmseouplea 
■ .gitisatod t>sfcw©@»
guard
. a>¥a
Jkrmv- rarfaGQ ■ a 
of isaia heater* b 
e 
d
2*340 '2*769" ; 2©-000
2,380 ‘3.050 2«0O0
2.580 . 3 o 0 8 9 ■ 2*000
2,3m ..-.3.080 .'■ 2.000
%p@r aurf&oe 
of guard . 
heater*
a 2,340 . 2,7® 2,000
b 2-, 58a 3.050 2,000
a 2,580 3.000 2,003
• a .. :2,g80..._. 3,080 2.000
a ',»0&0 0,980 0.949
t 1.0a) 1,040 0,980
©oBie’ftf- 'of .fcheriBODcn^ Xegs gltuatsd- in 
:th@.®@fe@st©s round the @M@s ©f the 
. b m §  plat®* .. ., ; \. sMfa
Pow^g;,liput to'main heat©A\ . W&ttgi, 42,0 J2*£ 12e1
W a s m r  limit fc© gimrd k ® m k m ? «  Watta*
Mean. '..55iooitj SSadXfe^p *5^ : “*
8*0 12*0 i*0
IsSt J b & IsS,
OnUet ballc air tespsratasjs (6 ) ^
Bgy 'bal!> fcaagtagafoHfa. ^  . ■ ' :-
61,00 60,20 60,®
tfot toll) tcwgsgatergpg; J5»«L..54,50..... 54,50.
Baroastrio presmnr* w/n fjg 755.59 752,90 758.90 ■ j
g-A-SlkJ— M  
Cijgegraftioas (SSESlSJfeSaSE)
fei3@s*'of \m% T L  ^ IB . 12 .* 80 61 62 . f
Bate . w m  m m V ^ S L S M .
of .
to tl& brass plate*
®*V*/
' t. 
'2 
3' 
V
5
6 
7
. a
' 9 
10 
it 
IB 
13
2*480 
2« 500
2* »  • 
2*500■ 
2*500
2.500.
2.509
2.500
2«S00
a, 500
2*500
2*500
2o480
1.940
1.940
1.940 
1*940 
tc940 
1*940 
1*940 
1*940 
1*940
1.940 
•1*940 
t,||0
2,743
2.760
2.760
2.760 
2.76s
2.760
2.760
2.760
2.760
2.760
2.760 
2.77a
.2,743
2,720
2.740
2.740
2,749
2.740
2.740 :
•2.740
2*740 
2*740 
8.740.
2.740 
2*740 
2,730
8,000
2.040
2.040
2.040 
2,053
2.040
2.040 
2.CS40 
■2.040'
8.040
2.040
2.040 
8,020
2.840
2,860 
2.86a 
2.860 
2.863 
2,860 
2.860 
2.860 
2.850 
■2.660 
2,860 
2,8.60 
2,830 ,
M@as& e8mef* ©f 3$- 
attached to th@ mil© of -
t e m l  working sacfciost* * a*¥* :
0*530 0.510 0,460 0*589; 0,570. 0.580
©*Ea.f* of
’ tlios o^oiiples
vfe&t&aasi 1s$&t$r ■ 
IwktQt* „ -* ; -:, EI,V*
... ■ a 
hm%T msfmz® b 
of m*M 'taatar O
.; ■ - ‘ a
1*000
4.000
4c 000 
4*009
2*909
2*120
2.640
■2.640
4.320
4*440
4.340
4.3410
4.7*5
4.74Q
4,340
4.240.
3.440
3*440
3.300
3.160'
3*100
5*1.80
5.000
4,640
fpp©2* ma^faoo 
of gisasa ' •
a
b
O'
a
4*000 
4*000 . 
4*000 
4.000 -
■2*900
5.120'
2*640
2*540
4*320
4*449
4.340-
•4*340
4.740"
4.740
4.340.-
4.240
3.440
3.440
3.303
3.163
5J»3 
50100 
55300 ' 
47SM
©«sisf4,;©f - t b a v m o i ^ a a • -y •' 
sittmtfd ia the asbestos round • 
iha gi&$@ of; the trass, plat®*--
o' '■ o ..%?•...
©
t
1.220’
1.160
0*$89
1.000
1.180
1*280
1.180
1.330
1.040 
1.180 .
liisso
• - .
......
]?oweT ;:i^piit. to 
:misi:;%ates*o-. Watts 1
%
wa1If
15.00
42.00 
15*00
12*00
14*00
24.00
11.50 
10*00 
• f.00 
9.50 
■10.40 
15*50'
14*'50
13*59 
14*25 
12,25 
16„40 . 
34.50
15.50
13.00
14.50
14.00
17.00
25.50
10.00
9.50
9.5.0
9.00 
11.20
■ 17.00
80, CO -
■ n m
15,30
leiSO I 
19,20 
29,00 •
PovnT iiqm.t. to gtsard haatar* Watts.
' % -7c 50. 7*00" . 12.00 1S.59 9*00 1.3083
5.24 5.24- 5oB4 5.30 9.30 ;t^0 -
Qutl&t btiXlE air t©j^raksr@{t0) % 59*0 560.6. 53.3 58.0 59.23'
Ifcy- $ulb toi^rate® % '. 53.0 55*0 ■ 55,5 5C 8” *58,00'
1-ot 6OTrii®sp0^ aSwe ap.. 493. 49.2 .49,5 §2«-6„J ^ S S
Bta^tri© prasswra Hg 746.2 756.5 752.4 736.9 732.8 iyyio
(Se©end Heater)
tecber ■©£ t©st
Bat©
e*xQ*f» of .thoamoai^lOB 
attaohod to tlx® brass plat#*-
m*¥*. - .
l£®a :©*iaef« _©fr 1-5 tkan^so-Gples 
atteohed to the-walls of 
..: tunnel. working geetloa* g^V*
1
g
3
4
5
6 
1 
&
' 9 
'10 
’ti
#2
„n
JS. m ,  m  ■ , .w ~l  &t. :.:m .*
2.240.
2.240
2.0=0
2*240
2.240
2*240 
2*.S43 
2*243 
2* 2k®
2*0i0
2*340
2*23)
V S  
1*800
1;®800
1*800
1U600
1*800
1*800.
1;*800
1:-.8Q0-
1*800
1*800
1*800
M B .
M M S l
3 J m
3.420
3*420
3.420
3.420 
'3*433- 
3*433 
3*420. 
'3*420 
3*420
3,430
IsMB*
I M M M l
"i
2*220. 
2*220 
2*220' 
2*220 
2,-220 
2.220 
2*220 
20 233 
2® 220 
2*220 
2*220 
2*180
4 ® 020 
,4,020 
4.020 
4*020 
4*0$) 
4S 029 
4*020
k*om
4.033
4*020
4*020
4,920
J^flpO
j£gfel 
2*920 
2*960
2*9&)
2.960
2*960 
2*960 
2,950
2.960
8.960 
2,9fiO | 
2o9fi0
8.960
0,650 Q,fiW> Q.SS0 0,620 0,700 0,680
j r m
4,160
3*760
3,680
XfoO"
3,100
2,920
2,760
X o s r
3.120
3,040
2.000
T Z B T J M S
3,380 5,640 4,040 
3.120 5.280 3.900 
3.040 ’ 5.180 ' 3,800
;  tv ) 4*0^0
? 0 3*900
©*KWf* ■■of 
•ther^oi^Xes
■b#tw#©a heater 
.and guard 
boater* -
Lower- surface
of maiix heater
a
.b
■Q
d
%per gurfaee 
of guard 
boater.' •.
a
b
©
-&
e.svf* ;of • tham>oo!spX©sO • 
situated in the asbestos' round 
the sides. of th© brass plate*-.
" : ~ X iT v .
©
f
ti
*£S1
X W
4.160
3,76o
3,680
3.109
2.920
.2.760
1.0$)
3.120
3.040
Ji°g°
I ®
3,380 
3,120 5.
« 41 4
1.240 '1.06& 1*580 1*120 2*080 1.*40 
1310 1.209- 1.620 1.160- 2*100 1.?00
T 5 3 T
12.50
13-*50
13*00
14.60
22*09
TCST
=9.00
9,09 
' %09 
10*60 
16*00
I f
13*00
"13*50
12.00
16*00
24*00
“X S T
7*75
7.75
■ 9*00 
8. 60 
13«00
H 3 o
11*75
11*75
1i2*Q0
12.60
1-9*00
- m w
ToOO
7*m
80 CXI 
9*03 
13*90
Toeer Input to
mSn  heaters*. Watts
Power' aasput to guard heater.
Watts* %
5*00 . 7*O0 18*50 11*00 ...13*00 '8*59
Meati velooity h©ad(h^m5;'.j^  H^O 14*50 14*50 :2*34. - 2.34 0*58 .9*53
Outlet buXh air taapexa&a^ ) ®p 60*40 61*50 61.70 - 6 . 2 * 63*90 ■ 63*50
B rj bulb temperature *V 60*0. 60*5 ■ 60*5 61*0 62*0 6i;.$
Wet MIb tgBgerafmre
Baremetrio pressure-^ Bg 741*5 741*9 ■ 750*5 750*5 740*6 732,5
T A B L B 44
Ohs^mb±m&
158,
('Second Heater)
TSSirir of Te5F j& JSSL .2L. JJL J3*
Bat®
~4«Ao ■ 4.400 2.730., .1,690 „ 2,430
12M51
1.69
1.700
1.700
1.700 
1.700.
1.700
1.700
1.700 
1,700 
1,700
1.700
1.700
1.690
©*■«.£. of therssootKEpXes 
attached'to the brass, plat©*.
a.V*.
Mean e.s&f* of 15 thermocouples’ 
attached' to the walls of 
tunnel working i section*;
i-
2
■3
4
5
6
7
8
'9
10
11
12
J i.
4.660
4.660 
4*660 
4* 660 
4*660 
4* 660 
4*660 
4*6600 
4*660 
4*660 
4©66o
JhSSL,
4*440
4.440
4.440
4*440 
4«449 
4*440 
4*440 
4*440 
4*440 
4« 440 
4*440
i s m
2.740
2.740 
2.740: 
2*740.
2.740 
2*740 
2*740 
2.® 740 
2*743
2 .740
2a740:
. 30-
2.440
2* 450
2.440 
2*449
2.440
2.440
2.440
2.440 
2*440 
2*440 
2® 440 
M fifi
0*620-. 0*660  . 0.6207. 0*640 0.649
9*553" 
6*160 
■6.100
6*009.
IP S o
5*700
5*749
5«?M3
5&SS
4.140
4*159 
4'© 080
Xiao" 
a* 780. 
2»66o 
2.600
4.080
3’M Q
3*760
ewnvf-* ■ of 
thermocouples 
situated between 
’ha&ter. and ■ 
guard 'heater.
»4V.
Lower surface 
of Eiaia heater
a
V
o
cl
Upper surface 
of guard
heater*
a
b
o
d
5.940
6a 160 
6*100 
6*000
5.680 
5c 700
5*740
5.740
3*920
4.140
4.140 
5*080
■2.620
2.780 
2a660 
So 690
3,780
.b m H ,
of thcmscooi^Xea •. 
situated in tha asbestos round 
the sides of the brass plat®*
O'
t
2.060
2*06o
2.150
2*160
1*380
1.420
1*089
1*160
1ss
aTos"
6.00
7.00
7.00
8.40
12,53
1,250
'1.360
'Power iisput to
m i &  heaters# Watts*
12*00
11.59
11*50
11*00
13*00
19*50
11.00
9,50
9.00
9»0D
11.50
17.00
11.00
8.00
9.00 
9*00 
12.50
18c 59
IX 5 T
12*00
9,75
Pcwer input - to guard, beater.
Watts*’
m©&E 'wioSSIyl^Si fEJET
YL 1%00 18.50 7.00
Q.15 0.15 2,34 .9.30 7,15
62a 1Outlet bulk sir 't©Bp©ratur© (fc ) '6-1.6 6o«8 60*3 62si
& T  bulb temparafeyra 
Wet bulb temperature **?
ifc pSsi,_^SIs5,
M & i L ™ 5 k i _ J a a a ,
Bamsatrio prcste© Hg 752.5 733*4 754,7 754*7 735,8
159,
OfrgarraftiqaB
i^§r, of test j l JJL E
Bat©
■■©£ tbemsoc^X©®. ■ - i.:. ' 
attached to the. brass plat#..
p af*
“T
2
3
4
5
6
? 
8 
' 9
'10
11
ta
13
3 S $ £ l
3*700
3.720
3.720 
3.729
3.720
3.720 
3.78)
3.720 
' 3.720
3.723
>.720
3.7a
3.720
i g g g l
> , w
3.4-60
3.460
3.460 
'3.460
5.460
3.460
3.460 
3.450
3.460
3.460
3.460 
3,430
-Msaa of~15 tEBrKSasaa^S*
att&siiM to the wall© "of'"' ; ■
. timel .working gseotloB*;; .1 ^ ¥ 6
2.
2-&0
2*#t0
2*650
■2*640
2d6*G
2*640
2*640
2.640
2»6m
2m 6k ®  
2.650
2*630.
i*s&)
1.5?0
U S S O
1*960
i,98b"-.
1*930
1*970
■0.660- .'0*62© 0«640:': 0*63)
of
-itha&3^©UpXes 
©4 tratpd between 
haaterf and 
'gsuaed .heater*
" 0 ' tf>Y.
Xscwar surface 
of 'isaim beater
Upper jsurfeeo 
of guard 
fea&ttr*./
a
>
c
a
b
o
A
e^^££-jpf tharsaoam^ Xes.- ■;• 
•cituated in the m h m t m  round 
th®" eides’ of -the brass plat®.*.
4.760 '4.96b 47f®: 3.SS3
5.0W 5.180 -4.280:-. 3.340
4.92Q 4,960 4.000 3.280
4.86s 4,600 3.840 3,240:
4.760 4.950 4*100' 3,230
5.040 5,180 4,8®  3,340
-4*920 4*960 4.000 3 . ^
4.660 4.600 3.840' -3,2' *>
e
e
1.600
1.600
1.700 1.460 1,163
1.7®  1.580 J . 16-,
Wg
Bomr impnt t®
®&M, heater**- Watts*
10,75
' 8,50 
10a0D 
10*75
’h .6o
17*50.
15.00
10*50
i'2*00
11*50
•15*60
m*k®
11*25 
10© 00 
11*00 
10*50
i2o40
18,50
11* 00'.
% m
10.50
10,00-
'12,40
1 8 * 0 0 ;'
Input to guard heater*
- Watts*- - %
£ /rc'
2.U 0 
2.600 
&6v) 
2*€00 
2*600 ^ >
, . e --^
P,< 0,
2* U
S9 70 J 
2*600 
«V >
Op £20
Tiltf
•  ^~ n"# J«**s
“ o z r ,
iillo 
' -
4 3 to
V 1
.i:t§b
tfttiW
14*50
l ie / .
13*50
16*40Vs*O M-*S
83.50 15,00 9.00 10.'75. ' 15,03
S a s m  velocity fcmS .(% ») .s/R  HgO
Oafclefc b*jl3t air 4ea^ osaCa?0
Bry tea  tagjerafaara
get Jjslb tepggatwge °&
Bemwfepio pressux© ss/^  Hg
0.37 1,30 . 3.65 -11,80'„- 11,80
"61.9 61.cT’ 2X 1' I X e '  "“I S f ’
.60.0 .63,0 60,5 60.0 59,8
J1»0-.: :.-53;0 . 53.0 52.5 : 53.0
755.8 757.8 757.8 752.9 7.58,9
S £ * 6 v.
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